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Abstract 
Endocytosis, a process of plasma membrane invaginations, is a fundamental 
cellular mechanism, ensuring a number of key functions such as uptake of nutrients, 
enhanced communication between cells, protection against invasive pathogens and 
remodelling of the plasma membrane composition. In turn, endocytic mechanisms are 
exploited by pathogens to enter their host cells. Endocytosis comprises multiple forms of 
which our molecular understanding has mostly advanced with respect to clathrin-mediated 
endocytosis and phagocytosis.  
Studies on the small GTPase Rab5 have provided important insights into the 
molecular mechanism of endocytosis and transport in the early stages of the endocytic 
pathway. Rab5 is a key regulator of clathrin-mediated endocytosis, but in addition, 
localises to several distinct endocytic carriers including phagosomes and (macro)-pinocytic 
vesicles. On early endosomes, Rab5 coordinates within a spatially restricted domain 
enriched in phosphatidylinositol-3-monophosphate PI(3)P a complex network of effectors, 
consisting of PI3-Kinases (PI3-Ks), including the particular kinase (hVps34/p150) that 
generates PI(3)P, the PI(3)P-binding FYVE-finger proteins EEA1 and Rabenosyn-5 that 
functionally cooperate in membrane transport, the Rabaptin-5/Rabex-5 complex and 
various other so far uncharacterised molecules. Moreover, Rab5 regulates endocytosis 
from the apical and basolateral plasma membrane in polarised epithelial cells. During my 
PhD thesis, I investigated the molecular mechanisms of endocytosis both in polarised and 
non-polarised cells. I obtained new insights into the molecular mechanisms of endocytosis 
and their coordination through the functional characterisation of a novel Rab5 effector, 
termed Rabankyrin-5. 
I could demonstrate that Rabankyrin-5 is a novel PI(3)P-binding Rab5 effector that 
localises to early endosomes and stimulates their fusion activity in vitro. In addition to 
early endosomes, however, Rabankyrin-5 localises to large vacuolar structures that 
correspond to macropinosomes in epithelial cells and fibroblasts. Overexpression of 
Rabankyrin-5 increases the number of macropinosomes and stimulates fluid phase uptake 
whereas its downregulation through RNA interference inhibits these processes. In 
polarised epithelial cells, the function of Rabankyrin-5 is primarily restricted to the apical 
membrane.  It localises to large pinocytic structures underneath the apical surface of 
 4
Characterisation of Novel Rab5 Effector Proteins    Schnatwinkel, 2004 
kidney proximal tubule cells and its overexpression in polarised MDCK cells specifically 
stimulates apical but not basolateral, non-clathrin mediated pinocytosis.  
 
In demonstrating a regulatory role in endosome fusion and (macro)-pinocytosis, the 
results obtained during my PhD thesis research suggest that Rab5 regulates and coordinates 
different endocytic mechanisms through its effector Rabankyrin-5. Furthermore, the active 
role in apical pinocytosis in epithelial cells suggests an important function of Rabankyrin-5 
in the physiology of polarised cells.  
The results obtained in this thesis are central not only for our understanding of the 
basic principles underlying the regulation of multiple endocytic mechanisms. They are also 
relevant for the biomedical field, since actin-dependent (macro)-pinocytosis is an 
important mechanism for the physiology of cells and organisms and is upregulated under 
certain pathological conditions (e.g. cancer). 
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A. Introduction 
1. The Endocytic Pathway 
The plasma membrane serves as a permeability barrier to prevent the contents of 
the cell from randomly escaping and mixing with the chemically distinct extracellular 
milieu. However, it allows a regulated entry and exit of molecules. Whereas small 
molecules (i.e. ions, amino acids) can cross the plasma membrane through protein 
channels, larger molecules (e.g. serum proteins, macromolecular complexes) are 
internalised in membrane carriers (vesicles) by invagination and detachment of plasma 
membrane pieces. This mechanism is commonly known as endocytosis (for reviews see 
(Mellman 1996; Robinson et al. 1996; Riezman et al. 1997). Endocytosis is required for a 
vast number of events that are vital for the function of cells and organisms throughout 
evolution. In protozoa, endocytosis is essential for the uptake of nutrients. In multicellular 
organisms (metazoans), endocytosis has been adapted and further developed for the benefit 
of the whole organism to enhance communication between cells, to transmit neuronal, 
metabolic and proliferative signals, to maintain the composition of the extracellular 
environment, to provide protective functions against invasive pathogens, to remove dead 
and dying cells, and to modulate the composition of the plasma membrane to assure 
membrane homeostasis. On the other hand, pathogens have exploited these mechanisms to 
enter the cells. 
 
There are multiple mechanisms of endocytosis, which often operate within a single 
cell (Figure 1). Historically, at the end of the 19th century Elie Metchnikoff observed for 
the first time uptake of particles into the cell. Today, depending on the type of cargo 
endocytosis can be defined as phagocytosis (cell eating; uptake of large particles >0.5 µm) 
and pinocytosis (cell drinking; uptake of small molecules together with extracellular 
medium) (reviewed in (Conner and Schmid 2003)). Pinocytosis encompasses various 
membrane entry routes and mechanisms. Clathrin-mediated endocytosis primarily serves 
receptor-mediated endocytosis (or adsorptive endocytosis). Another form of plasma 
membrane invagination that was discussed even before clathrin-mediated endocytosis are 
caveolae (Gabella 1971). These structures assemble on sphingolipid and cholesterol rafts 
and internalise molecules partitioning in these lipid microdomains. However, ligand-
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Figure 1. Multiple endocytic pathways. The endocytic pathways can be distinguished by the size of the 
membrane containers (vesicles), the cargo they internalise (ligands, lipids and receptors) and the mechanism 
how the vesicle formation occurs. Most of the endocytic vesicles communicate with early endosomes, 
however the final destination of some pathways is not fully understood. Dashed arrows indicate potential 
interactions. Abbreviations used: CCV = clathrin-coated vesicles, RTK = receptor tyrosine kinase; PIP2 = 
phosphatidylinositol-4,5-bisphosphate; PI(3)P = phosphatidylinositol-3-monophosphate. 
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receptor complexes and raft components can also be internalised via clathrin- and 
caveolae-independent endocytosis, which can be visualised under certain experimental 
conditions that block clathrin coated vesicle (CCVs) and caveolae formation. In many 
tissue culture cell lines CCVs are responsible for bulk pinocytosis, but for instance in 
immature dendritic cells the bulk flow of fluid can occur through macropinocytosis.  
 
Irrespective of the particular entry route, all endocytic uptake mechanisms have in 
common the capacity to internalise extracellular fluid, macromolecules, and cellular 
material from the cell surface to different degrees and specificity. Upon internalisation, 
most of the vesicles undergo fusion with organelles that collectively comprise the 
endocytic pathway. Within these endocytic organelles, the internalised membrane and the 
content are processed. The endocytic pathway is composed by a series of interconnected 
membrane-bound compartments, early endosomes (EE), recycling endosomes (RE), late 
endosomes (LE) and lysosomes. Some components, such as particular types of receptors 
and lipids, are sorted within EEs and REs for recycling to the cell surface, whereas others 
are selected for delivery to late endocytic compartments and or lysosomes, where they may 
be degraded. Alternatively, components may be sorted to Golgi structures, the endoplasmic 
reticulum (ER) or follow a transcytotic route in polarised cells.  
 
In the following chapters, I will review the endocytic mechanisms of: 
1.1 Clathrin-mediated endocytosis  
and of clathrin-independent endocytosis such as: 
1.3 Phagocytosis,  
1.4 Macropinocytosis, and  
1.5 Caveolae-dependent endocytosis.  
This review will include the current view of the molecular mechanisms of 
membrane internalisation, and of subsequent trafficking steps, but also comprise sorting 
mechanisms within the major organelles of the endocytic pathway (chapter 1.6). 
Specifically, owing to the research topic of my thesis I will focus on the mechanistic role 
of Rab-GTPases within the endocytic pathway, by describing emerging concepts and 
explaining how Rab proteins appear to mediate their function (chapter 4). 
  Over the last 40 years, small GTPases of the Rab family have been identified as key 
regulators in almost all cellular membrane trafficking events. Due to their intrinsic 
properties of alternating between an activated GTP-conformation and an inactive GDP- 
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conformation, Rab proteins seem to be ideally suited to perform different vesicular 
transport steps, as they are exquisite organelle markers and appear to regulate on the target 
membrane in space and time the assembly of a protein machinery to exert a specific, 
cellular function. 
 
1.1 Clathrin-mediated Endocytosis 
 Back in the late 70’s the uptake of the low-density lipoprotein receptor (LDLR) 
pointed to the process of receptor mediated endocytosis (or adsorptive endocytosis) in 
which cells internalised LDL from the extracellular medium upon efficient recruitment to 
its cognate cell surface receptor (Brown and Goldstein 1976; Brown et al. 1976). The 
observation that also other receptor molecules are internalised via clathrin-coated pits 
established the notion of receptor-mediated endocytosis and clathrin-mediated endocytosis 
as being the same. Today we know that also other endocytic pathways follow a receptor-
mediated pathway, such as phagocytosis (see below). However, clathrin-mediated 
endocytosis remains the by far best characterised route of internalisation into animal cells 
(Figure 2).  
 
Clathrin-mediated endocytosis is one form of vesicle budding in mammalian cells. 
It is important for actively sequestering and internalising receptors, extracellular ligands 
and medium, for the recycling of plasma membrane components (e.g. synaptic vesicle 
recycling) and for the retrieval of surface proteins destined for degradation. Aberrations in 
the clathrin pathway have been associated with a diverse range of diseases including 
familial hypercholesterolemia, heredity hemochromatosis, leukemias, Alzheimer's disease, 
Huntington's disease, Hermansky-Pudlack syndrome, distal myopathy, and DiGeorge 
syndrome (Brodsky et al. 2001). The pathway has also been exploited by many viruses 
seeking entry into host cells and for their subsequent immune evasion (DeTulleo and 
Kirchhausen 1998; Pelkmans and Helenius 2003). In addition, recent studies uncovered the 
existence of cross-talk between signalling molecules and components of the endocytic 
transport machinery, indicating that endocytosis can be modulated by signalling pathways.  
The name of this pathway is given by its major component, clathrin, a cytosolic 
protein which surrounds like a coat membrane invaginations (clathrin-coated pits; CCP) 
and membrane vesicles (clathrin coated vesicles; CCV). Up to now, several structural, 
 11
Figure 2. Clathrin-mediated endocytosis. Shown is an overview of the sequential steps involved in 
clathrin-mediated endocytosis. Key components in each step are indicated. Abbreviations: PIP2 = 
phosphatidylinositol-4,5-bisphosphate. The illustration is adapted from K. Takai (Takei, 2001). (A) Deep-
etch electronmicrograph showing nicely clathrin lattices around coated pits within the cortical actin 
cytoskeleton (courtesy of Prof. J Heuser).
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biochemical and genetic studies have provided molecular details of clathrin-coated vesicle 
biogenesis, comprising sequentially the formation of a clathrin coated pit, the pinching off 
from the plasma membrane, the uncoating process and the subsequent tethering and fusion 
reaction with organelles of the endocytic pathway.  
 
Although a complete consideration of clathrin-mediated endocytosis is beyond the 
scope of this thesis, it is necessary to discuss their most important features because CCVs 
serve as an important paradigm for understanding most transport and sorting events along 
the endocytic pathway. 
 
1.1.1 Formation and Internalisation of CCVs 
The process of vesicle formation requires the recruitment of cytosolic proteins to a 
specific site on a donor organelle where they assemble into a coat. Coat components ensure 
incorporation of cargo molecules into nascent vesicles by interacting with sorting signals 
present in their cytoplasmic tails (Rothman and Wieland 1996). Two major classes of 
coated vesicles have been identified: those containing clathrin and those containing 
coatomer coat proteins (COPs).  
In the endocytic pathway, clathrin-coated vesicles connect trafficking between the 
plasma membrane, the endosomal compartment and the trans-Golgi network (TGN) 
(reviewed in (Mellman 1996). The main components of plasma membrane derived clathrin 
coats are clathrin and the adaptor protein 2 (AP-2), a member of the heterotetrameric 
family of clathrin adaptor proteins (Hirst and Robinson 1998), which link clathrin to the 
membrane. Upon binding of ligands, such as epidermal growth factor (EGF) to their 
cognate Receptor Tyrosine Kinases (RTKs), AP-2 interacts with special motifs within the 
receptor’s cytoplasmic tail. AP-2 oligomerisation recruits clathrin to the plasma membrane 
and promotes its assembly into a lattice-like network, assisted by a variety of accessory 
factors.  
 
Clathrin and Adaptors 
Clathrin forms a triskelion (650 kDa) (Figure 3) composed of three heavy (192 
kDa) and three light chains (22-28 kDa), which form a stable oligomeric complex  (Smith 
and Pearse 1999). A binding site present in the groove that separates blades 1 and 2 
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Figure 3. Clathrin and Adaptin-2. (A) The typical clathrin triskelion is composed by trimerisation of the C-
terminus of the clathrin heavy chain. The light chains bind tightly to the proximal leg in an extended 
conformation, oriented such that their C termini are close to the vertex of the triskelion. (B) The model of a 
clathrin cage at 21-Å resolution was obtained by electron microscopy. The clathrin triskelion is a puckered 
and relatively rigid molecule. The proximal and distal leg domains of the clathrin heavy chain have similar a-
zigzag atomic structures, and the globular terminal domain of the clathrin heavy chain is a b-propeller. The 
image is adapted from Prof. T. Kirchhausen [Kirchhausen, 2000 #1364]. (C) Schematic representation of the 
multimeric plasma membrane adaptor AP-2. Y = tyrosine; X = polar residue; F = residue with a bulky 
hydrophobic side chain; PIP2 = phosphatidylinositol-4,5-bisphosphate; PIP3 = phosphatidylinositol-3,4,5-
trisphosphate.
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recognizes a short peptide motif, called the clathrin box (Owen and Luzio 2000), present in 
clathrin adaptors and in several other endocytic proteins. The relative flexibility of the 
angle formed by the legs of the triskelia allows clathrin to oligomerise into hexagons and 
pentagons, and generate curvature (Musacchio et al. 1999). As the coat expands through 
the addition of new subunits, the membrane acquires a more pronounced curvature until a 
deeply invaginated coated pit forms.  
 
Adaptors are heterotrimeric complexes, which appear in different classes within 
the cell. Whereas AP-1 and AP-4 are involved in transport from the TGN, AP-3 has been 
reported to be involved in signal-mediated protein sorting to endosomal-lysosomal 
organelles (Dell'Angelica et al. 1998). AP-2 functions in clathrin-mediated endocytosis at 
the plasma membrane (Figure 3).  
Like the others, it consists of four subunits, two large subunits, α-adaptin and β2-
adaptin (100 kDa each) and two smaller ones, µ2-adaptin (50 kDa) and σ2 adaptin (20 
kDa) that tightly bind to each other (Hirst and Robinson 1998; Kirchhausen 1999). 
Electron microscopic analysis has revealed that the AP-2 adaptors have a characteristic 
morphology resembling a head with two ears (Heuser and Keen 1988) that correspond to 
the carboxy-terminal regions of α-adaptin and β2-adaptin.  
The core domain of AP-2 comprises the N-terminal two thirds of the large subunits 
and the µ2- and σ2-subunits. It contains the determinants that bind both to membrane 
lipids, such as the phosphatidylinositide-4,5-isphosphate (PI(4,5)P2) and other acidic 
phospholipids (Rapoport et al. 1997; Jost et al. 1998; Arneson et al. 1999; Gaidarov and 
Keen 1999) and to membrane proteins, such as synaptotagmin and proteins that contain 
endocytic motifs (Haucke and De Camilli 1999; von Poser et al. 2000). Those motifs 
encompass tyrosine-based endocytic sorting signals of the form YppØ (where Y denotes 
tyrosine, p tends to be a polar or positively charged residue, and Ø is an amino acid with a 
bulky hydrophobic side group) (Ohno et al. 1995), dileucine motif of the form xxxLL, and 
the NPXY motif (where N, P, and Y are asparagine, proline and tyrosine, and X can be any 
amino acid) (Kirchhausen 2000). 
µ1, µ3, and µ4, the related subunits in AP-1, AP-3, and AP-4 recognize related 
YxxØ motifs (where x denotes a non-positively charged amino acid), and they do so with 
specificities that correspond to the in vivo sorting pattern of cargo proteins mediated by 
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these adaptors. These motifs determine which vesicular traffic pathway is used to transport 
a particular molecule, and hence determine its final destination.  
In the simplest view of CCV formation, the polymerisation of clathrin provides the 
organising function for protein sorting by concentrating associated proteins into a regular 
protein array, and adaptors provide the specificity for cargo selection. The binding of AP-2 
to clathrin is mediated primarily by β2-adaptin and involves two binding sites. One is in 
the ear domain and the other, a typical clathrin box of the sequence motif L (L,I) 
(D,E,N)(L,F)(D,E) (Dell'Angelica et al. 1998), is localised in the hinge region that 
connects the ear to the trunk of β2-adaptin (Owen et al. 2000). Both sites cooperate to 
promote clathrin polymerisation and it has been proposed that their interaction with 
clathrin may displace accessory proteins during coat maturation (Owen et al. 2000).  
 
Heterotetrameric adaptor-protein complexes, however, are not the only adaptors 
responsible for clathrin-coat assembly and cargo selection. Recent years, have 
demonstrated a growing number of monomeric proteins that fulfil the roles of clathrin 
adaptors, such as arrestins, epsin, Eps15 (epidermal-growth factor receptor 15) and GGAs 
(Golgi-localised, γ-ear-containing, Arf-binding family of proteins) that mediate the sorting 
of mannose-6-phosphate receptors between the trans-Golgi network and endosomes 
(Bonifacino 2004). 
 
CCV formation is a highly cooperative process in which binding of one component 
enhances the binding of others. The rate of clathrin self-assembly is very slow under 
physiological conditions, indicating that accessory factors are required to control and 
promote clathrin assembly in vivo (Brodsky et al. 2001).  
 
1.1.2 Accessory Proteins in the Formation and Internalisation of CCVs 
Studies over the last decades have revealed a vast number of accessory proteins, 
participating in the complex process of clathrin-mediated endocytosis. Most of them act as 
scaffolds or adaptors that help to recruit and/or coordinate the recruitment of coat proteins 
and other accessory factors to sites of endocytosis (Figure 4).  
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Figure 4. Interaction scheme of accessory factors with the coat components in clathrin mediated 
endocytosis. Several of the accessory components directly interact with AP-2 (through the ear domain of a- 
and b-adaptin) or the clathrin heavy chain (through its seven bladed b-propeller amino-terminal module). 
Note that many of these interactions are modulated by phosphorylation. The image is adapted from Slepnev et 
al. (Slepnev, 2000). Abbreviations: BAR = BIN-amphiphysin-RVS domain; CC = coiled coil; Dbl = disabled; 
DPW = Asp-Pro-Trp; EH = EPS15 homology; ENTH = epsin amino-terminal homology; GED = GTPase-
enhancing domain; J = DNAJ domain; NPF = Asp-Pro-Phe motifs; PH = pleckstrin homology domain; PRD 
= proline-rich domains; SH3 = Src-homology 3 domain.
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Many interactions of accessory factors involve recognition by a set of small protein 
modules, for example Src-homology 3 domain (SH3) or Epsin-homology domain (EH). 
These protein modules recognise within the target proteins short signature amino-acid 
sequences, such as NPF-motifs and clathrin boxes. The presence of these signature motifs 
in a protein often gives a good indication for its involvement in the endocytic pathway. In 
fact, the majority of the accessory factors have binding sites for several other proteins of 
the endocytic machinery, often including a binding site for clathrin and AP-2 (ear domains 
of AP-2, the β-propeller region of clathrin), emphasising a highly cooperative process.  
With the exception of AP-180, whose enrichment in clathrin-coated vesicles 
roughly parallels the enrichment of AP-2 and clathrin, most factors are not enriched in 
clathrin-coated vesicles, indicating that they are only transiently associated with the coat. 
However, they may help in coat assembly and may regulate coat dynamics. They also 
coordinate growth and curvature of the coat with biochemical changes in the lipid bilayer 
as shown for endophilin and synaptojanin and with local modifications of the peripheral 
actin cytoskeleton (see section below), such as epsin, syndapin, intersectin and dynamin. 
Finally, they mediate a crosstalk between endocytic mechanisms and intracellular 
signalling pathways, represented by the known interaction with intersectin, syndapin and 
Eps15.  
During vesicle formation, AP-2 seems to be a central molecule. It is recruited to 
internalisation-prone receptors and binds to clathrin and various accessory proteins, such as 
AP-180, Eps15 through the ear domains of α-adaptin and β2-adaptin. These proteins are 
generally characterised by the presence of the signature sequence DPØ (where Ø is a bulky 
hydrophobic amino acid) (Owen et al. 1999; Traub et al. 1999; Owen et al. 2000).  
 
The description of all accessory proteins is beyond the focus of this thesis. 
However, some proteins shall be briefly portrayed below and are also illustrated in Figure 
4. For further details I refer to recent reviews (Slepnev and De Camilli 2000; Conner and 
Schmid 2003). 
 
AP-180 is a brain-specific protein, which efficiently promotes clathrin assembly in 
vitro (Ahle and Ungewickell 1986; Lindner and Ungewickell 1992) and functions in 
controlling the size of clathrin vesicles (Ye and Lafer 1995; Zhang et al. 1998; Nonet et al. 
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1999). Like AP-2, AP-180 is stabilised on the plasma membrane by binding to 
phosphatidylinositides, preferentially PI(4,5)P2.  
 
Amphiphysin may function as a multifunctional adaptor that cooperates in the 
recruitment of coat proteins to the lipid bilayer. Its amino-terminal region, also referred to 
as the BIN-amphiphysin-RVS (BAR) domain (Ge and Prendergast 2000) mediates the 
formation of homo- and heterodimers and additionally harbours a lipid-binding site that 
mediates membrane tubulation in vitro (Ramjaun et al. 1999; Takei et al. 1999). A similar 
domain is found in the endophilin family, proteins essential for synaptic vesicle recycling 
in Drosophila melanogaster (Guichet et al. 2002; Verstreken et al. 2002) and also 
associated with intracellular organelles (Modregger et al. 2003). More recently, structural 
studies proposed that the curved BAR domain binds more tightly to curved than to flat 
membranes and may therefore act as sensor for membrane curvature (Peter et al. 2004). 
The central region binds the heavy chain of clathrin and the ear domain of the AP-2 
subunit α-adaptin through two distinct but partly overlapping sites (Ramjaun and 
McPherson 1998; Slepnev et al. 2000). The SH3 domain mediates the interaction with the 
Proline-Rich Domain (PRD) of dynamin and synaptojanin (David et al. 1996).  
 
Dynamin is an atypically large and modular GTPase with domains that support 
phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) binding through the PH-domain 
(Pleckstrin-Homology), self assembly through the GTPase effector domain (GED) and 
interactions with its C-terminal PRD with a variety of SH3-domain containing proteins, 
including amphiphysin, intersectin, syndapin, synaptojanin and endophilin. More recently, 
it was demonstrated that the PRD of dynamin binds to the SH3 domains of multiple actin-
associated proteins, such as profilin (Witke et al. 1998) and cortactin (McNiven et al. 
2000), mediating actin nucleation and organisation via N-WASP (Neuronal-Wiskott-
Aldrich Syndrome Protein) and the Arp2/3 complex (Actin-related protein). Dynamin 
possesses its own GTPase activating domain, which is stimulated by the self-assembly of 
the GED domain. The first link with endocytosis was made by the identification of a 
temperature-sensitive mutant of Drosophila melanogaster (shibire), which gene product 
caused an arrest of synaptic vesicle endocytosis at the stage of the deeply invaginated 
uncoated pit (Koenig and Ikeda 1989). The major function of dynamin has been described 
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in the fission reaction of several endocytic vesicles including clathrin-coated ones. Its 
mechanism of action, however, is still unclear. There are two major supported models: 
1) The mechanochemical model 
2) The regulatory recruitment model, as described for other GTPases 
The mechanochemical model is based on the observation that dynamin self-
assembles into helical structures that either become constricted and sever invaginated pits 
upon GTP hydrolysis (Hinshaw and Schmid 1995; Sweitzer and Hinshaw 1998) or act as a 
molecular spring to propel the nearly completed vesicle towards the cytosol (Stowell et al. 
1999). In both cases, dynamin would function as a mechanochemical enzyme. 
The second, alternative model (regulatory recruitment model) supports the 
function as a regulatory molecule, that recruits a molecular machinery upon GTP binding 
(Sever et al. 1999) to mediate membrane fission. The strongest evidence for the latter is 
that endocytosis is stimulated by overexpression of GED mutants that are defective in self-
assembly and consequently in assembly-dependent GAP activity (Sever et al. 1999). 
Regardless of whether dynamin functions as a regulatory GTPase or 
mechanochemical enzyme, or as a combination of both, it must undergo GTP-hydrolysis-
driven conformational changes for its activity (Song and Schmid 2003). Besides its own 
oligomerisation state, the GTPase activity is regulated by dynamin-binding proteins and by 
lipids, in particular phosphatidylinositides (Schmid et al. 1998). 
 
Eps15 was originally identified as a substrate for the kinase activity of the 
epidermal growth factor receptor (EGFR). It was subsequently found to interact with the 
ear domains of AP-2 (Salcini et al. 1999) via several Asp-Pro-Phe (DPF) motifs in the C-
terminal region (Benmerah et al. 1996). Its reported localisation at the edges of clathrin-
coated pits has indicated a possible function in molecular dynamics at the periphery of the 
coat or its interplay with dynamin (Tebar et al. 1996). It is now thought that Eps15 may act 
as a housekeeping component of the endocytic machinery and as an adaptor for the 
recruitment of growth factor receptors to clathrin-coated pits (Salcini et al. 1999). The 
central region of Eps15 mediates homodimerisation (Salcini et al. 1999) and 
heterodimerisation with intersectin (Sengar et al. 1999). The amino-terminal region has 
three EH-domains (Epsin-Homology) (Salcini et al. 1999) and binds several endocytic 
proteins, including epsin (Chen et al. 1998a), non-neuronal isoforms of synaptojanin 
(Haffner et al. 1997) and Hrs, a protein implicated in endosomal function (Bean et al. 
2000) (see below). These multiple interactions are responsible for the powerful dominant-
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negative effect of truncated forms of Eps15 on endocytosis (Carbone et al. 1997; 
Benmerah et al. 1999). 
 
Endophilins primarily interact via its SH3 domain with dynamin and synaptojanin 
(de Heuvel et al. 1997; Owen and Luzio 2000). The conserved amino-terminal domain of 
endophilin, which mediates dimerisation and binds lipids (Farsad et al. 2001), appears to 
have lysophosphatidic acid acyl transferase activity, which is required for synaptic vesicle 
biogenesis in a cell-free system (Schmidt et al. 1999). Interfering with the activity resulted 
in the arrest of the invagination reaction at the stage of shallow coated pits, indicating that 
endophilin may function in the generation of membrane curvature. This effect may be 
mediated by its binding to lipids, by the induction of an asymmetry in bilayer geometry 
due to conversion of lysophosphatidic acid to phosphatidic acid (Schmidt et al. 1999), or 
by the second messenger role of phosphatidic acid itself in promoting protein recruitment.  
 
Intersectin is a large multidomain polypeptide with the properties of a scaffold 
protein (Roos and Kelly 1998; Santolini et al. 1999; Sengar et al. 1999). Its two EH 
domains can form homodimers or heterodimerise with Eps15 (Sengar et al. 1999) or bind 
to SNAP25 (soluble NSF attachment protein 25) (Okamoto et al. 1999). The five SH3 
domains mediate the interaction of intersectin with dynamin, synaptojanin and Sos (Son of 
Sevenless), a Ras Guanine-nucleotide Exchange Factor (GEF) (Roos and Kelly 1998; 
Sengar et al. 1999; Tong et al. 2000). In addition, intersectin contains a Dbl homology 
domain through which it triggers actin polymerisation. Based on the multiple interactions, 
intersectin could therefore participate in coat recruitment and coordinate the function of 
endocytic proteins in actin and signalling mechanisms. 
 
Syndapin may represent an important link between the endocytic machinery and 
actin dynamics (Qualmann et al. 1999; Qualmann and Kelly 2000). Its carboxy-terminal 
SH3 domain not only binds dynamin and synaptojanin, but also interacts with N-WASP, a 
stimulator of actin filament nucleation induced by the Arp2/3 complex (Rohatgi et al. 
1999). Consistent with these properties, the SH3 domain of syndapin inhibits endocytosis 
(Simpson et al. 1999; Qualmann and Kelly 2000), and overexpression of syndapin strongly 
effects cortical actin organisation and filopodia extension (Qualmann and Kelly 2000). 
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1.1.3 Acessory Proteins in Uncoating of CCVs 
Immediately upon fission, the free clathrin coated vesicle sheds its coat to prepare 
for membrane fusion and to allow recycling of clathrin and adaptors for a next round of 
internalisation (Cremona et al. 1999). The molecular machinery underlying this process 
requires further characterisation, but it includes the activities of synaptojanin and auxillin. 
 
Synaptojanin, another SH3 containing protein, is a polyphosphatidylinositol- 
phosphatase that regulates a pool of phosphatidylinositides required for endocytosis 
(McPherson et al. 1996; Guo et al. 1999a). Like dynamin, synaptojanin can be targeted to 
the clathrin coat by amphiphysin. The main physiological substrate of the 
phosphatidylinositol-5-phosphatase synaptojanin is PI(4,5)P2, which can be degraded to 
PI(4)P. As for phagocytosis, local enrichment of PI(4,5)P2 in a given membrane area or 
domain is a positive regulator of clathrin coat assembly (Arneson et al. 1999) and of the 
nucleation of actin filaments (Rohatgi et al. 1999). The fact that interfering with the 
activity of synaptojanin lead to an elevated level of PI(4,5)P2 concomitant with an 
accumulation of clathrin coated vesicles proposed that its activity is required for clathrin 
uncoating and downregulation of actin polymerisation (Sakisaka et al. 1997; Cremona et 
al. 1999).  
 
Besides the regulatory effects of lipids, clathrin disassembly has been demonstrated 
to require the activity of the heat shock protein Hsc70. Its targeting, as well as its ATPase 
activity are mediated by a cofactor termed auxillin (Ungewickell et al. 1995), or its 
recently found homologue in non-neuronal tissues, auxillin 2 (or cyclin G-associated 
kinase (GAK) (Greener et al. 2000; Umeda et al. 2000).  
 
1.1.4 Regulation of Clathrin-mediated Endocytosis  
The series of events in clathrin-mediated endocytosis, comprising the nucleation of 
clathrin-coat assembly, the maturation into a clathrin-coated pit, the fission reaction and 
subsequent uncoating of the CCV (see above), are subjected to extensive regulation. Thus, 
although clathrin-mediated endocytosis itself occurs constitutively (without external 
stimuli), recruitment of cargo and the assembly of the clathrin-coat are tightly regulated.  
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The mechanisms involved in this process are the following: 
1) Cargo-mediated assembly of clathrin coats 
2) Protein phosphorylation  
3) Coordination by small GTPases 
4) Metabolism of phosphatidylinositides 
 
Cargo-mediated assembly of clathrin coats 
Cargo itself can trigger the assembly of the clathrin coat (Iacopetta et al. 1988; Le 
Borgne and Hoflack 1997). This has been demonstrated at least for two receptor types, 
RTKs and G-Protein Coupled Receptors (GPCRs). Exemplified by EGFR, RTKs undergo 
autophosphorylation after ligand binding. This modification leads to the exposure of two 
consensus internalisation motifs at the cytoplasmic tail of the receptor, which nucleates 
clathrin coated vesicle formation by recruiting Eps15 and AP-2. The GPCR-superfamily 
are seven transmembrane-spanning proteins that mediate diverse physiological processes. 
Upon ligand binding to the extracellular face, the receptor undergoes a conformational 
change allowing it to activate heterotrimeric G proteins. In addition, this event leads to the 
phosphorylation of the receptor via G-protein-coupled Receptor-specific serine/threonine 
Kinases (GRKs) (Ferguson and Caron 1998; Pitcher et al. 1998; Seachrist and Ferguson 
2003). Subsequently the binding of cytosolic cofactor proteins termed arrestins initiate 
clathrin coat assembly (Brodsky et al. 2001). 
 
Protein phosphorylation 
Almost all components of the clathrin-coated vesicle machinery can be modulated 
in their activity through phosphorylation-dephosphorylation cycles (Robinson et al. 1993; 
Wilde and Brodsky 1996; Bauerfeind et al. 1997; Slepnev et al. 1998). In general, 
phosphorylation inhibits and dephosphorylation enhances the ability of these proteins to 
associate with each other. Recently, a serine/threonine kinase of the Prk/Ark family, AAK1 
(Adaptor Associated Kinase 1), has been identified to phosphorylate the µ2-subunit of AP-
2 (Conner and Schmid 2002). Whereas phosphorylation mediates tight binding of AP-2 to 
endocytic sorting motifs (Ricotta et al. 2002), dephosphorylation is needed for 
internalisation. The phosphatase involved in this event is presently unkown. 
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Coordination by small GTPases 
Coat-mediated budding reactions and subsequent trafficking of the internalised 
vesicle appear to be coordinated by small GTPases. Rab5, although it does not directly 
interact with any components of the clathrin coat has been implicated in clathrin-mediated 
endocytosis of RTKs as well as GPCRs. Among other GTPases including Arf family 
members it may stimulate the synthesis of phosphatidylinositides (Honda et al. 1999; Roth 
et al. 1999)(Shin et al. submitted), which in turn, recruit coats and actin (Janmey et al. 
1999). However, it is still unclear whether Arf-like proteins are responsible for AP-
2/clathrin mediated endocytosis. 
 
Phospholipid turnover 
In addition, there are mechanisms other then mediated by small GTPases to 
generate phosphatidylinositides. Those pathways may depend on activation of 
phospholipase D (Arneson et al. 1999), or the direct association of a phosphatidylinositol-
3-Kinase (PI3-K) with the membrane (Domin et al. 2000). However, the identity of the 
lipid kinase that generates the phosphatidylinositide-pool involved in endocytosis is still 
unclear. 
 
Since phosphatidylinositides have a central function in all endocytic pathways, I 
would like to discuss in the following chapter in more detail their regulation. 
 
1.2 Phosphatidylinositides in Endocytosis 
Phosphatidylinositides (PIs) serve as membrane signals that are known to regulate 
fundamental cell functions, such as signal transduction, cytoskeleton remodelling, cell 
migration and membrane trafficking [Martin, 2001 #1545; De Camilli, 1996 #1840; Katso, 
2001 #1841. PIs can be phosphorylated and dephosphorylated physiologically at three 
positions, the 3’, 4’ and 5’ within the inositol ring. This feature provides an excellent 
mechanism to regulate a variety of interactions with proteins harbouring distinct lipid 
interaction motifs, such as FYVE finger for the phosphatidylinositide PI(3)P or various 
PH/Phox domains  for PI(3,4)P2, PI(4,5)P2 or PI(3,4,5)P3 (DiNitto et al. 2003). Figure 5 
displays an overview of different protein-lipid interaction domains.  
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Figure 5. Phosphatidylinositide recognition domains. Signalling domains that have been demonstrated to 
bind phosphoinositides are shown as colored shapes with a schematized binding site. Arrows indicate the 
preferred ligand of the given signaling domain, and proteins that contain the given signaling domain are listed 
above each corresponding colored shape. The image is adapted from Overduin M, Molecular interventions, 
2001.
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The process of phosphorylation and dephosphorylation of PIs is catalysed by 
specific lipid modifying enzymes, PI-Kinases or -Phosphatases (Vanhaesebroeck et al. 
2001), whose recruitment to the membrane and activation is strictly regulated in a temporal 
and spatial-dependent manner (Figure 6).  
Therefore, the function of each PI depends on when and where it is generated, 
within the cell. Some PIs are present at almost constant levels. The unphosphorylated form 
PI comprises roughly a tenth of mammalian membrane phospholipids and is localised to 
cytoplasmic membrane leaflets. Below are summarized the localisation, function and 
regulation of the major phosphatidylinositides. 
 
Phosphatidylinositol-4-monophosphate (PI(4)P) 
The most abundant monophosphorylated form is phosphatidylinositol-4-phosphate 
(PI(4)P), which is produced by PI4-Kinases resident on the Golgi apparatus presumably to 
modulate secretion. The recruitment and activation of PI4-KIIIβ on the trans-Golgi 
network (TGN) is regulated by the GTPase Arf1 (Godi et al. 1999). 
 
Phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) 
The most abundant polyphosphorylated PI is PI(4,5)P2, which is enriched in 
regions of the plasma membrane. Rho family GTPases and Arf6 are implicated in the 
regulation of phosphatidylinositol-4-phosphate-5-kinases (Honda et al. 1999; Krauss et al. 
2003; Weernink et al. 2004) which, through the synthesis of PI(4,5)P2, promote 
rearrangements of the actin cytoskeleton, membrane ruffling and endocytosis. In fact, 
PI(4,5)P2 appears to be a key metabolite among PIs. Hydrolysis by Phospholipase C (PLC) 
produces inositol-1,4,5-trisphosphate (IP3) and membrane-bound Diacylglycerol (DAG). 
Both products act as second messengers, boosting calcium levels and protein kinase C 
activity, respectively. Phosphorylation of the 3’-position by PI3-Ks generates PI(3,4,5)P3 
(see below), whereas dephosphorylation by 5’-phosphatases participates in the uncoating 
of clathrin (see above). 
 
D3’-phosphatidylinositides (PI(3)P; PI(3,4)P2; PI(3,5)P2; PI(3,4,5)P3)  
Of the four PIs that bear a phosphate group at position 3’ (D3’-phosphoinositides), 
the most common form in cells is phosphatidylinositol-3-monophosphate (PI(3)P). It is 
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Figure 6. Phosphatidylinositide metabolism. The reversible production of phosphatidylinositides (PIs) is 
catalysed through the combined activities of a number of specific phosphatidylinositide-phosphatases and -
kinases (i.e., x-Pases and PIxKs, respectively, where x designates substrate specificity with regard to the 
inositol ring). Cells utilise this PI network to support and distribute endocytic, exocytic, and signal 
transduction pathways that are, in turn, dependent on proteins containing discrete, modular domains that bind 
to specific PIs. Abbreviations used: DAG = diacylglycerol; IP3 = inositol-1,4,5-trisphosphate; PLC = 
phospholipase C; Ptase = phosphatidylinositol-phosphatase.
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generated by the phosphorylation of PI via class III PI3-Ks (e.g. Vps34/p150; catalytic 
subunit/regulatory subunit) and maintained at a sufficient concentration to direct 
membrane traffic on early endosomes (see below).  
Another PI3-K class, type I-kinases (p110/p85 type), catalysis the phosphorylation 
of phosphatidylinositol-4-monophosphate (PI(4)P) and phosphatidylinositol-4,5-
bisphosphate (PI(4,5)P2) to produce PI(3,4)P2 and PI(3,4,5)P3, respectively. Type 1 PI3-Ks 
are activated directly by many RTKs (Stephens et al. 1991) or can be recruited to the 
plasma membrane by activated Ras-GTPases (Rodriguez-Viciana et al. 1994). 
 
PIs such as PI(3,4)P2 and PI(3,4,5)P3 appear only transiently and fluctuate 
dramatically at the cell surface in response to receptor activation. Stimulation causes a 
local bursts of PI(3,4)P2/PI(3,4,5)P3, which creates on the plasma membrane a platform 
where signalling enzymes and adaptors dock. PI(3,4,5)P3 is then rapidly converted by 5’-
phosphatases into PI(3,4)P2 and further by 4’-phosphatases into PI(3)P (Shin et al. 
submitted). Such a mechanism appears not only to regulate protein-lipid interactions but it 
may also provide a sequential mechanism to proceed stepwise from on transition to the 
next. 
In essence, each PI plays a dynamic role in the cell and is distributed according to 
the localisation and activation of the kinases, phosphatases, and lipases responsible for its 
production and turnover.  
 
I will now proceed to describe clathrin independent endocytic entry pathways, such 
as phagocytosis, macropinocytosis and caveolae/raft dependent endocytosis. In each 
chapter I start with a general description of the distinct endocytic mechanisms, which is 
followed by elucidating molecular regulations. Thereby, the reader will notice a repetition 
of certain principles, which appear to be common among all endocytic mechanisms.  
 
1.3 Phagocytosis 
 The terms ‘phagocytosis’ (the eating process) and ‘phagocytes’ (eating cells) were 
coined in the 1880s by Elie Metchnikoff, a russian pioneer of cellular immunology, who 
received in 1908 the Nobel Prize for the discovery of the innate immune response. 
Phagocytosis serves the uptake of large particles (>0.5 µm) into cells by an actin- and 
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mostly receptor-dependent mechanism. Whereas lower organisms (Dictyostelium, 
Acanthamoeba) use phagocytosis primarily for the acquisition of nutrients, Metazoa have 
adapted their phagocytic properties for the benefit of the whole organism. This function 
includes:  
a) Internalisation and efficient degradation of infectious particles and 
senescent cells,  
b) Requirement for immune response, development and tissue remodelling. 
Phagocytosis occurs primarily in specialized phagocytic cells such as neutrophils 
monocytes/macrophages or related dendritic cells, but can, although less efficient, be 
accomplished by non-professional phagocytes, such as bladder epithelial or endothelial 
cells (Greenberg et al. 1990; Greenberg et al. 1991). The major difference with respect to 
phagocytic capacity and efficiency of professional and non-professional phagocytes can 
probably be ascribed to their activation properties and to the presence of an array of 
dedicated phagocytic receptors that increase particle selection and phagocytic rate. 
However, also in professional phagocytes the diversity of receptors capable of stimulating 
phagocytosis, lead to slightly different mechanisms.  
Thus, there is no single model, which can account for the diverse structures and 
outcomes associated with particle internalisation. In addition, a variety of microorganisms 
can influence the phagocytic process (Underhill and Ozinsky 2002). According to early 
classifications, phagocytosis can be categorised into three models (Figure 7):  
1) The zipper model 
2) The sinking model 
3) The ruffling model 
 
The zipper model 
The zipper model, where pseudopodia extensions tightly encapsulate the particle 
via increasing numbers of particle-cell surface receptor interactions. This requires that 
ligand is available all around the particle exemplified by Fcγ-receptor-mediated 
phagocytosis in macrophages (Griffin and Silverstein 1974; Griffin et al. 1975). 
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Figure 7. Different modes of phagocytosis. Binding of particles to cell surface receptors activates one of 
three distinct internalisation modes. (1) The zipper model, where pseudopodia extensions tightly encapsulate 
the particle via increasing numbers of particle-cell surface receptor interactions. (2) The sinking model in 
which the particle sinks into the phagocytic cell without pseudopodia formation. (3) The ruffling model, 
where large membrane ruffles engulf extensive amounts of extracellular material including the particle. In all 
three cases the membrane-enclosed particle is subsequently pinched off from the plasma membrane to 
release a phagosome into the cell (Fission).
1.) The Zipper model 2.) The Sinking model 3.) The Ruffling model
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The sinking model 
The sinking model in which the particle sinks into the phagocytic cell without 
pseudopodia formation. This is the case in complement-receptor-mediated (e.g. CR3) 
phagocytosis (Allen and Aderem 1996a). 
 
The ruffling model 
The ruffling model, where large membrane ruffles engulf extensive amounts of 
extracellular material including the particle (Aderem and Underhill 1999; May and 
Machesky 2001; Underhill and Ozinsky 2002). This process is similar to 
macropinocytosis, and is induced by components of the intracellular parasites such as 
Salmonella (Amer and Swanson 2002).  
 
Despite the complexity associated with different phagocytic mechanisms, there are 
a number of shared features.  
(a) Binding of phagocytic target to the cell surface.  
(b) Actin-dependent, clathrin-independent enclosure of the particle within a 
membrane bound phagosome. 
(c) Depolymerisation of F-actin and maturation of phagosome. 
Particle internalisation is initiated by the interaction of specific receptors with 
ligands on the cell surface. This activates a signalling cascade leading to the 
polymerisation of actin at the site of ingestion, and the internalisation of the particle via an 
actin-based mechanism. After internalisation, the actin ‘coat’ is removed, and the 
phagosome matures by a series of fusion and fission events with organelles, culminating in 
the formation of the mature phagolysosome.  
 
To understand the molecular principles of phagocytosis, below I will describe the 
mechanism of Fc-receptor mediated phagocytic pathway. 
 
1.3.1 Fcγ-Receptor Mediated Phagocytosis 
 The Fcγ-Receptor (FcγR) belongs to the family of Fc-receptors that recognize as 
ligands, Immunoglobulin G (IgG) opsonised particles. Upon binding, the receptor bound 
particle is engulfed by membrane protrusions, called pseudopodia that spread around the 
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particle, with the FcRs binding their ligands in a zipper-like fashion. As the particle 
becomes completely engulfed, the pseudopodia membranes fuse and release the enclosed 
particle into the cytoplasm of the phagocyte. 
Ligand binding results in FcγR cross-linking that causes tyrosine phosphorylation 
of a designated Immunoreceptor Tyrosine-based Activation Motifs, or ITAMs (Greenberg 
1995). The protein tyrosine kinase responsible for this initial phosphorylation is thought to 
be a member of the Src family. Subsequently, a second protein tyrosine kinase, p72Syk, is 
recruited through its Src-homology 2 (SH2) domains to the phosphorylated ITAMs. Upon 
binding, it undergoes autophosphorylation and activation, which in turn, triggers multiple 
signal transduction pathways leading to transcriptional activation, the release of 
inflammatory mediators and cytoskeletal rearrangements (Aderem and Underhill 1999). 
Although, it is still not fully understood by which mechanism FcγRs stimulate the 
polymerisation of actin and induce the formation of phagosomes, it involves including 
Protein Kinase C (PKC): 
• Rho family of GTPases,  
• Motor proteins and  
• PI3-Kinases.  
 
1.3.2 Rho GTPases in Regulating Actin Dynamics 
There are three major members of the Rho family of GTPases, RhoA, Cdc42 and 
Rac that have been shown to regulate the actin cytoskeleton in response to a variety of 
extracellular signals (Hall 1998). Due to the multiplicity of function of the actin 
cytoskeleton, Rho GTPases play a major role in (Etienne-Manneville and Hall 2002): 
1) Cell polarity 
2) Cell motility 
3) Membrane transport pathways  
4) Microtubule dynamics and  
5) Transcription factor activity 
 
The effects of Rho, Rac and Cdc42 were initially described using quiescent Swiss-
3T3 fibroblasts, a cell line in which serum starvation creates a very low background of 
organised F-actin structures. Whereas Cdc42, beside its participation in the filopodia 
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formation, complements the activation of Rac in stimulating membrane ruffling and 
lamellipodia formation (Figure 8), RhoA was demonstrated to stimulate the formation of 
focal adhesions and stress fibers (Ridley and Hall 1992; Ridley et al. 1992; Kozma et al. 
1995).  
 
Rho family proteins also participate in phagocytosis. Toxin B from Clostridium 
difficile, which inactivates all Rho-family members, blocks phagocytosis without affecting 
particle binding. In the case of Rac1 and Cdc42, inhibition of phagocytosis by expression 
of their dominant negative forms in RAW mouse macrophages, does not affect particle 
binding to FcRs, but prevents the accumulation of F-actin at the particle-attachment sites 
(Cox et al. 1997). Inhibition of Cdc42 function interferes with pseudopod extension 
(Daeron 1997), whereas dominant negative Rac1 prevents pseudopod fusion and 
phagosome closure, a phenotype similar to the inhibition of PI3-Kinase activity in yk-/- 
macrophages (Massol et al. 1998). These observations indicate that Cdc42 and Rac1 act at 
distinct stages to promote actin filament assembly and organisation at the site of particle 
ingestion. In contrast, the role of RhoA is not defined. Although it is recruited to the 
particle attachment site, it may not participate directly in the phagocytic process (Hackam 
et al. 1997; Caron and Hall 1998).  
How the activation of Rho proteins is triggered through FcγR signalling is not 
known precisely. One hypothesis is that they are activated by GEFs during receptor 
signalling. All Rho GEFs identified so far contain a Dbl-Homology (DH) catalytic domain, 
responsible for GDP/GTP exchange, and a PH-domain that mediates phosphatidylinositide 
binding and is essential for proper cellular localisation. It has been shown that Vav, a GEF 
activating multiple Rho family proteins (Bustelo 2000), is stimulated by both, tyrosine 
phosphorylation and binding of its PH domain to phosphatidylinositide products of PI3-Ks 
(see below) (Crespo et al. 1997; Han et al. 1998). Therefore, Vav could connect FcR 
signalling to Rho GTPase activation.  
 
Downstream effectors of Rho-family GTPases in phagocytosis 
Rho GTPases interact with a diversity of downstream effectors (Figure 8), which, 
by controlling actin filament assembly and organisation, may regulate phagocytosis 
(Bishop and Hall 2000). The most likely candidates are proteins with exposed Cdc42/Rac 
Interactive Binding (CRIB) domains. These include WASP-family members (Machesky 
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Figure 8. Small GTPases in regulating the actin cytoskeleton. Receptor activation transduces a signal 
towards the cell and initiates the recruitment of small GTPases to regulate underlying actin dynamics. The 
interconnections of two major Rho GTPase pathways are illustrated. The pathway leading from Rac/Cdc42 
activation to the formation of membrane ruffles, lamellipodia and/or filopodia and the pathway from Rho 
causing the formation of stress fibres, integrin clustering and focal adhesions. Inhibitory signals are depicted 
as red bars, whereas black arrows indicate activating signals. Abbreviations used: PAK = p21-activated 
kinase; LIMK = LIM kinase; MLCK = myosin light chain kinase; MLC-P = phosphorylated myosin II 
regulatory light chain; MLC phosphatase = myosin light chain phosphatase; RTK = receptor tyrosine kinase.
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and Insall 1999), which bind to and stimulate the nucleating activity of the Arp2/3 
complex (Machesky and Insall 1998). The Arp2/3 complex binds to the sides of pre-
existing filaments and nucleates new filaments, thereby creating branching points. 
Activation of Arp2/3 at the leading edge of the moving cell results in the formation of a 
branched network of filaments that is essential for lamellipodial extension (Borisy and 
Svitkina 2000).  
 
During FcR-mediated phagocytosis, WASP, N-WASP (a close relative of WASP) 
and Arp2/3 are recruited to particle-ingestion sites and at the nascent phagosome (Lorenzi 
et al. 2000; May et al. 2000). Furthermore, macrophages from WASP knock out mice show 
reduced particle uptake (Zhang et al. 1999). It therefore seems that extension of the leading 
edge of migrating cells and pseudopodia formation during phagocytosis involve similar 
mechanisms. Interestingly, the recruitment of N-WASP and Arp2/3 to pseudopodia 
requires the function of Cdc42 and/or Rac (May et al. 2000). A model has been therefore 
postulated, in which zipper-like interactions of opsonins and FcRs, combined with actin-
nucleation sites provide the pushing force for pseudopodia extension. This response would 
be controlled by a pathway linking activated FcγRs to Arp2/3 and would be dependent on 
Cdc42/Rac activation.  
 
1.3.3 Motor Proteins during Phagocytosis 
In addition to actin polymerisation that pushes the membrane forward, localised 
contractility has also been detected in the nascent phagosome (Evans et al. 1993) and the 
distal margin of the closing phagosome (Swanson et al. 1999). Contractility and 
phagosome closure are sensitive to inhibitors of myosins and PI3-K (Swanson et al. 1999). 
Consistent with these observations, myosins I, V and IX were detected on the nascent 
phagosome (Swanson et al. 1999). The finding that P21-Activated Kinase (PAK-1) is 
localised to the phagosome (Dharmawardhane et al. 1999) is also of interest, as the activity 
of PAK-1 is controlled by Cdc42/Rac and has been shown to regulate actomyosin 
cytoskeleton contractility (Sanders et al. 1999; van Leeuwen et al. 1999).  
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Hence, Syk, PI3-K, Rac1 and the contractile activity of myosins could act in 
concert in a step preceding internalisation. Although it has not yet been proven, dynamin-2 
and amphiphysin-2 are believed to provide the mechanical force needed to seal the 
phagosome (Gold et al. 2000), similar to their role in pinching off clathrin-coated pits 
(CCPs; see above) 
 
1.3.4 Phosphatidylinositol-3-Kinase 
Another downstream effector of the FcγR signalling cascade are PI3-Ks (Chacko et 
al. 1996). As mentioned above, products of PI3-Ks can recruit GEFs to activate Rho-
GTPases dependent actin remodelling.  
The involvement of PI3-Ks in phagocytosis was first indicated by the finding that 
pharmacological inhibitors on PI3-Kinase (wortmannin and LY294002), which block both, 
type I and type III PI3-Ks, strongly inhibit phagocytosis of large particles (Araki et al. 
1996). However, mechanistically these inhibitors do not inhibit actin-dependent formation 
of the phagocytic cup. Instead, they prevent the sealing behind the particle (Araki et al. 
1996). In addition, microinjection experiments revealed different mechanistic properties of 
the two different classes. Whereas class I PI3-Ks is required for the initial phagocytic 
process of large particles, antibodies against Vps34 had no effect on internalisation, but 
inhibited phagosome maturation. The activity of PI3-Ks during phagosome formation is 
consistent with the detection of high PI(3,4)P2 and PI(3,4,5)P3 levels at the phagocytic cup. 
Both recruit specific PH-domain-containing proteins including a variety of protein kinases 
and GEFs for Rac and ARF6 to promote signalling events and the remodelling of the actin 
cytoskeleton.  
However, also the substrate of PI3-Ks, PI(4,5)P2, recruits proteins that contain a 
PH-domain, Epsin N-Terminal Homology (ENTH) domains and/or Lys/Arg-rich effector 
domains (Martin 2001). The most prominent candidates seem to be proteins of the WASP 
family (Higgs and Pollard 2001) but also dynamin-2 and amphiphysin-2 (Gold et al. 2000). 
One important function of PI3-Ks may therefore envisage a regulatory role in mediating 
the transition from one stage to the next by modulating the composition of PIs and their 
downstream targets. 
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1.3.5 Phagosome Maturation 
Upon closure of the phagocytic cup, the phagosome undergoes massive changes in 
the composition of its membrane due to a progressive maturation processes that ultimately 
ends up in the phagolysosome (Figure 9). This process encompasses the sequential fusion 
and fission with organelles of the endocytic pathway, starting with early endosomes and 
continued by late endosomes and lysosomes (Desjardins et al. 1994; Desjardins et al. 
1997). This maturation process is initiated by the rapid drop of PI(4,5)P2 and PI(3,4,5)P3 
levels, which is accompanied with the loss of the actin cytoskeleton. Whereas PI(4,5)P2 is 
metabolised by the action of PLC, which hydrolyzes PI(4,5)P2 into inositol triphosphate 
(IP3) and DAG (Botelho et al. 2000), the degradation of PI(3,4,5)P3 seems to be achieved 
through phosphatases. The SH2-containing phosphatases, SHIP1 and SHIP2, 
dephosphorylate the 5’- position of the inositol ring to produce PI(3,4)P2 (Cox et al. 2001). 
Although this dephosphorylation impairs some signalling downstream of PI3-K, PI(3,4)P2 
can also mediate PI3K-dependent responses and may mediate events independent of those 
stimulated by PI(3,4,5)P3. In analogy to the clathrin-mediated pathway (see above), 
PI(3,4)P2 and PI(3,4,5)P3 may also be degraded to PI(3)P. In fact, Ellson and co-workers 
(Ellson et al. 2001a) have detected a dramatic accumulation of PI(3)P on the phagosomal 
membrane following phagosomal closure. 
 
The initially elevation of PI(3)P on the phagosomal membrane accounts for the 
recruitment of a molecular machinery that mediates the observed docking and fusion 
between early endosomes and the nascent phagosome (Ellson et al. 2001a). Although the 
molecular mechanism is not completely understood a recruitment of Rab5 and its 
downstream effector PI3-K (Vps34) may participate in the production of PI(3)P and the 
recruitment of PI(3)P binding proteins, such as the FYVE-finger containing membrane 
tethering factor EEA1 or the PX domain of the NADPH-oxidase complex. In addition, 
membrane receptors are sorted into vesicles and recycled back to the plasma membrane, 
whereas the phagosomal content is continuously processed by further acidification and the 
sequential acquisition of hydrolytic enzymes. 
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Figure 9. Phagosome Maturation. Schematic model of the phagosome maturation pathway. It can be 
subdivided into three indicated maturation stages, early maturation, intermediate maturation and late 
maturation. Maturation can be achieved by fusion with organelles of the endocytic pathway and/or by 
sequential recruitment of cytosolic components. Concomitantly with the acquisition of a defined protein 
composition, the lipid content is modified to allow transport towards the phago-lysosome, where the 
internalised cargo is degraded. Abbreviations: PM = plasma membrane. 
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1.4 Macropinocytosis 
 Macropinocytosis was first discovered by Warren Lewis in 1931 in the early days 
of time-lapse microcinematography. Speeding up the normally slow movements of 
macrophages revealed waving cell surface ruffles (Figure 10) that closed back towards the 
plasma membrane to form intracellular vesicles (Lewis 1931). Almost half a century later 
Bar-Sagi and Feramisco (Bar-Sagi and Feramisco 1986) established in a pioneering work 
that certain oncogenes and signalling molecules induce actin-dependent membrane ruffling 
and macropinocytosis. 
 
Macropinocytosis occurs in a variety of metazoan cells, operating constitutively in 
macrophages and many tumor cells, whereas it can be transiently stimulated in many other 
cell types by growth factors and/or phorbol esters (Haigler et al. 1979; Swanson 1989). In 
addition, it is induced and exploited by pathogens like salmonella, shigella and adenovirus 
as part of their infection pathway (Alpuche-Aranda et al. 1994; Sansonetti 2001; Meier et 
al. 2002).  
Macropinocytosis differs from other endocytic pathways by the fact that the 
formation primarily occurs at membrane ruffling sites, which are restricted to the margins 
of spread cells. Ruffles are formations of motile cell surface protrusions ranging from 
planar folds to circular, cup shaped extensions of the cytoplasm. In adherent cells in 
culture, membrane ruffles are predominantly located around the periphery of the cell, but 
distinct structures known as circular ruffles can also be observed on the dorsal surface of 
some other cell types (Mellstrom et al. 1988). Although ruffling is required for 
macropinocytosis, closure into an intracellular vesicle does not always follow. Those 
ruffles, which do lead to the formation of macropinosomes, apparently constrict the 
ruffling margin into a small connecting pore at the cell surface, after which the 
macropinosome pinches off. Unlike clathrin coated vesicles macropinosomes are 
heterogenous in size (0.2 µm – 5 µm) (Swanson and Watts 1995). Morphologically similar 
to phagosomes, both depending on being an actin driven process, macropinosomes, 
however, do not serve receptor concentration and internalisation of large receptor bound 
particles but rather perform unspecific uptake of large amount of fluid phase and solutes.  
 
The intracellular fate of macropinosomes differs depending on the cell type. In 
macrophages, macropinosomes follow the canonical endocytic pathway. They fuse with 
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Figure 10. Macropinocytosis. (A) Schematic representation of macropinocytosis. Membrane ruffling is the 
major driving force (1). Back-falling of the ruffle brings the membranes in close proximity (2), which upon 
fusion releases a macropinosome into the cell (3). The fate of macropinosomes is not fully understood and 
seems to vary depending on the cell type (4). (B) Scanning EM of an M-CSF stimulated macrophage 
showing active ruffling at both the peripheral edge and the dorsal surface. Circular ruffles are seen on the 
dorsal surface (arrows). Circular ruffles are most frequently formed by inward curving of peripheral edge 
ruffles (arrowheads). The image was taken by Araki et al. (Araki, 2000). Abbreviation: PM = plasma 
membrane. Bars, 10 mm
1.) Membrane ruffling
3.) Fusion
2.) Back-falling of the membrane 
4.) Fate
(Macro)-
pinosome
a) Regurgitation
b) Early Endosomesc) Maturation
A
B
PM
Characterisation of Novel Rab5 Effector Proteins    Schnatwinkel, 2004 
early- and late endosomes to finally end in a lysosomal compartment. Within 15 min, they 
move towards the centre of the cell, thereby shrinking and acidifying. Similar to 
phagosome they undergo sequential maturation by fission and fusion with each other and 
with endosomal compartments until they merge completely into the lysosomal organelle. 
In contrast, in human A431 cells, growth factor stimulated macropinosomes rarely fuse 
with endocytic compartments, but rather recycle most of their content back to the cell 
surface (Hewlett et al. 1994). The mechanism and significance of these distinct behaviours 
is not understood.  
 
The information about the physiological function of macropinocytosis is still 
limited. In lower eukaryotes like the amoeba Dyctyostelium discoideum it remains the most 
elegant solution to internalise huge volumes of extracellular fluid under axenic conditions. 
For immature dendritic cells, macropinocytosis is indispensable for the immune response 
by taking up and processing of soluble antigens. Moreover, it also supports trafficking of 
rigid membrane domains such as desmosomal plaques (Holm et al. 1993) and since 
macropinosomes arise from membrane ruffles, regions that are also a trait of motile cells, 
they have been implicated in directed cell motility (Carpentier et al. 1991). 
 
1.4.1 Regulation of Macropinocytosis 
 As for phagocytosis, the cascade of events leading to macropinosome formation 
involves several steps: 
1) Signal-induced and actin-dependent plasma membrane ruffling 
2) Actin-dependent, clathrin-independent enclosure of membrane ruffles 
3) Depolymerisation of F-actin  
4) Maturation or  
5) Regurgitation of macropinosomes. 
 
However, despite these general principles, surprisingly little is known regarding 
macropinocytosis on the molecular level (Figure 11). Signals that activate membrane 
ruffling, the prerequisite of macropinocytosis, are manifold. They comprise growth factors 
such as platelet-derived growth factor (PDGF), EGF and macrophage-colony stimulating 
factor (M-CSF) or the plasma membrane recruitment of activated oncogenes such as K-Ras 
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Figure 11. Regulation of macropinocytosis. Receptor activation initiates a signal transduction cascade 
leading to cortical actin rearrangements and membrane ruffling. The signal transduction cascade can also be 
activated by the PKC activator PMA. Inhibitory signals are depicted as red bars, whereas activating signals 
are indicated by black arrows. Abbreviations used: PI-3K = phosphatidylinositol-3-kinase; PMA = phorbol 
12-myristate 13-acetate; RTK = receptor tyrosine kinase; PKC = protein kinase C; GEF = guanine nucleotide 
exchange factor; PM = plasma membrane. For further details see also text.
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and v-Src. These initial signals result in the recruitment and activation of the class I PI3-Ks 
and phosphatidylinositide-specific PLCs providing the recruitment of actin cytoskeleton 
regulators. Whereas PI3-K is activated by recruitment to activated RTKs or by Ras, PLC is 
targeted by interacting with D3’-phosphoinositides, the catalytic products of PI3-K. PLC 
catalyses the hydrolysis of PI(4,5)P2 into inositol-1,4,5-trisphosphate, which in turn 
releases Ca2+ from internal storage compartments, and DAG, thereby activating PKC.  
 
Similar to phagocytosis, the downstream target proteins coordinating the actin 
cytoskeleton are the three major GTPases, RhoA, Cdc42 and Rac1 (see above). Rac and 
Cdc42 are generally activated together and trigger cortical actin remodelling, resulting in 
membrane ruffling and filopodia formation. Consecutively, RhoA acts antagonistically by 
generating stress fibres to immobilize cells and to rigidify the plasma membrane. 
Accordingly, when Cdc42 and Rac1 are activated, RhoA is usually suppressed in its 
activity. The activation of Rac is mediated by the nucleotide exchange factor Vav that can 
be recruited by D3-phosphoinositides or by p85. In addition, the recruitment of 
p190RhoGAP/p120RasGAP complex by Src and Ras ensures the inactivation of RhoA.  
In essence, there is a requirement of these small GTPases in macropinocytosis. 
However, their activity and contribution within this process may differ depending on the 
cell type and the activity of macropinocytosis (West et al. 2000) (Garrett et al. 2000). 
 
Downstream of these GTPases are several actin regulatory proteins, which switch 
dynamics between polymerisation and depolymerisation events of the actin cytoskeleton. 
Most of these regulatory proteins are linked to macropinocytosis due to their localisation to 
membrane ruffles (for review see (Ridley 1994)). However, it should be noted that the 
experimental evidence for a direct function in macropinocytosis has not been demonstrated 
in all cases, yet. Actin regulatory proteins involved in macropinocytosis are: 
a) The WASP-related protein Scar,  
b) DAip1 (Aip1 in yeast),  
c) Coronin,  
d) Profilin, and  
e) Type I myosin (Cardelli 2001; Maniak 2002).  
 
WASP and Scar/Wave proteins have been demonstrated to bind profilin, which in 
turn activates PI3-K (Singh et al. 1996). This positive feedback loop, in which PI3-kinase 
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dependent activation of Rho GTPases leads to the recruitment of proteins of the WASP 
family and thus further stimulating PI3-K activity, could lead to a change in levels of 
PI(3,4,5)P3. Consistent with this idea, it has recently been revealed by using cells 
expressing the PH-domain of PKB, that PI(3,4,5)P3 and/or PI(3,4)P2 accumulate in the 
forming macropinosomal cup (Rupper et al. 2001). These phosphatidylinositides could act 
as an additional signal to further modify the actin cytoskeleton, and to recruit other PI 
binding proteins like PKB or GEFs that could stimulate vesicle trafficking via activation of 
Rab or ARF proteins.  
 
Daip1 is an actin binding protein that localises to macropinocytic cups. It has been 
proposed to enhance the activity of the actin polymerisation protein cofilin. Cofilin and 
profilin are monomeric G-actin binding proteins which function in localising a pool of 
monomeric actin to membrane-associated sites thereby promoting actin polymerisation and 
ultimately membrane ruffling. 
 
Although membrane ruffling is required for macropinocytosis, its activity alone 
does not seem to be sufficient for macropinosome formation. The machinery, which 
regulates the fission reaction is poorly understood. Macrophages treated with the PI3-K 
inhibitor wortmannin are not impaired in the initial membrane ruffling activity, but display 
severe defects in pinching off a newly generated vesicle (Swanson et al. 1999). According 
to these studies, PI3-K may assemble and position a contractile apparatus at the plasma 
membrane either directly or via the activation of Rho GTPases. Such a contractile 
apparatus may require unconventional myosins, e.g. myosin I (Swanson et al. 1999), and 
PAK-1 which has been shown to localise to pinocytic vesicles in other systems 
(Dharmawardhane et al. 2000), and which activates myosin I (Sells and Chernoff 1997).  
 
The molecular machinery underlying the different trafficking fates of internalised 
macropinosomes remains poorly characterised. In the amoebae Dictyostelium discoideum, 
macropinosomes seem to undergo a series of maturation steps, which are accompanied by 
phosphatidylinositide metabolism. The maturation steps comprise lumenal acidification 
and the acquisition of late endocytic/lysosomal marker proteins like LAMP, and the small 
GTPase Rab7. 
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1.5 Caveolae/Raft-dependent Endocytosis 
 Clathrin-independent endocytosis further includes endocytosis mediated by 
caveolae and glycolipid-rafts (Figure 12). Glycolipid-rafts are detergent-insoluble, low-
density membrane fractions that are enriched in cholesterol and sphingolipids.  
 
Caveolae are small, flask-shaped plasma membrane invaginations of 50-80 nm in 
diameter (Palade and Bruns 1968). Their composition, appearance, and function are cell-
type dependent (Razani et al. 2001). Caveolae contain high levels of cholesterol and 
sphingolipids and their components co-fractionate with those of lipid rafts after density-
gradient centrifugations (Anderson 1998; Kurzchalia and Parton 1999; Simons and Toomre 
2000). Caveolae, however, are distinct from lipid rafts in that they contain a protein coat 
composed primarily of the integral membrane proteins caveolin-1 and caveolin-2 
(Rothberg et al. 1992), which are visible on the cytosolic surface of caveolae as part of 
parallel, shallow ridges. Cells without caveolae (lymphocytes) can be induced to form 
caveolae by expression of caveolin-1 (Fra et al. 1995).  
 
The detailed mechanism of caveolae-mediated and raft-dependent internalisation is 
poorly understood. However, both pathways are characterised by a common sensitivity to 
cholesterol depletion and dependence on dynamin function (Henley et al. 1998; Contamin 
et al. 2000; Puri et al. 2001; Sabharanjak et al. 2002). In addition, it has been demonstrated 
that the actin cytoskeleton is important for SV40 internalisation via caveolae and that actin 
transiently associates with SV40-containing caveolae at the stage when dynamin is 
recruited (Pelkmans et al. 2002). Caveolae are highly immobile at the plasma membrane 
and only a small fraction is usually internalised (Pelkmans et al. 2001; Thomsen et al. 
2002).  Internalisation of caveolae is triggered by clustering of lipid raft components 
(Parton et al. 1994) such as GPI-anchored proteins, sphingolipid binding toxins (cholera 
toxin and shiga toxin) (Montesano et al., 1982; Parton et al., 1994) and viruses, including 
SV40 (Nichols and Lippincott-Schwartz 2001; Pelkmans and Helenius 2002). Upon 
internalisation, caveolae traffic as stable entities and unlike clathrin-coated vesicles, retain 
their association of the “coat” protein caveolin-1 (Parton 1996). The main trafficking route 
delivers caveolae to a membrane organelle, the caveosome, although some caveolae can 
also directly travel to early endosomes.  
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Figure 12. Caveolae and raft dependent endocytosis.  (A) Lipid Rafts. Lipid rafts form via a coalescence 
of cholesterol and sphingolipids; as a result, these microdomains have vastly different biochemical properties 
than the bulk phospholipids bilayer. The liquid-ordered phase (shown in orange) is dramatically enriched in 
cholesterol, sphingomyelin, glyco-sphingolipids, and PIP2. In contrast, the liquid-disordered phase (shown in 
green) is composed essentially of phospholipids, such as PC, PE, and PS. GPI-linked proteins are anchored to 
the outer leaflet. (B) Caveolae. The liquid-ordered and liquid-disordered phases are illustrated as in (A). 
Upon integration of the protein caveolin-1, liquid-ordered domains form small flask-shaped invaginations 
called caveolae. The scheme is adapted from Galbiati et al. (Galbiati, 2001). (C) Deep etch 
electronmicrograph showing several flask shaped structures budding from the plasma membrane (adapted 
from Prof. J. Heuser). Abbreviations used: PC = phosphatidylcholine; PE = phosphatidylethanolamine, PS = 
phosphatidylserine.
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The caveosome has a neutral pH and multiple flask-shaped caveolar domains 
enriched in caveolin-1 (Pelkmans et al. 2001). As a hallmark for organelles, it was also 
demonstrated that caveosomes exhibit sorting properties. SV40 particles entering the 
caveosomes are efficiently packed into caveolin-1 devoid transport carriers and transferred 
in a microtubule dependent manner to the endoplasmic reticulum (ER). However, 
caveosomes may communicate also with endocytic organelles, as caveolin-1 can be 
detected to some extent on early endosomes. This fraction can be increased by 
overexpression of a dominant active mutant of Rab5, which stimulates the fusion activity 
of early endosomes (Pelkmans et al, in press). The purpose of this membrane traffic 
connection between caveosomes and endosomes is not clear but it may play a role in the 
recycling of caveolae to the plasma membrane or in the sorting and trafficking of lipid-raft 
components to and from endosomes (Pelkmans and Helenius 2002).  
 
Having described the entry mechanisms of the four distinct endocytic pathways 
(clathrin-mediated endocytosis, phagocytosis, macropinocytosis and caveolae/raft 
dependent endocytosis), I would like to focus now on the organisation and function of the 
endocytic organelles. Since one major function is the sorting of cargo, the underlying 
molecular principles shall be discussed on the level of early endosomes. 
 
1.6 Organelles of the Endocytic Pathway 
Regardless of the initial internalisation mechanism, all vesicles undergo fusion with 
the same organelles that collectively make up the endocytic pathway. These heterogeneous 
organelles are highly dynamic and spread throughout the cytoplasm of eukaryotic cells 
(Figure 13). The pathway is composed by the following organelles as defined 
operationally: 
• Early endosomes (EE), where all endocytic vesicles initially converge,  
• Recycling endosomes (RE), from where cargo can be recycled to the cell 
surface 
• Late endosomes (LE) and  
• Lysosomes.  
Morphometric analysis in BHK cells has estimated that the volume of the total 
early endosomes is ~0,5% of the total cell volume, whereas LE and lysosomes cover 
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Figure 13. Organelles of the endocytic pathway. (A) This image schematises the localisation, shape and 
pH of the three major endocytic compartments within a cell. Indicated are also the estimated half times of 
cargo transport between the different organelles. The green arrow represents entry, red arrows represents the 
degradative pathway and the brown arrows show the recycling pathway. Microtubules radiating out from the 
MTOC are indicated in black. (B-D) Electron micrographs of the indicated organelles. (B) Freeze-etch 
electron microscopy analysis of early endosomes containing low-density lipoprotein-gold particles (white 
spots). (C) Black arrow indicates multivesicular structure. (D) Multilamellar structures resemble lysosomes, 
which contain internal vesicles. Images are taken from J. Gruenberg (Gruenberg, 2001) and from J. Murk 
(Murk, 2003). Bar represents 200nm. Abbreviation: L = Lysosome; MTOC = microtubule organising centre; 
PM = plasma membrane.
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~2,6% (Griffiths et al. 1989). Considering a total plasma membrane area of 2.200 µm3 this 
estimation predicts that per minute ~0,5µm3 fluid is internalised into the cell.Within the 
aforementioned endocytic organelles the internalised membrane and the content are 
processed. Some components, such as particular types of receptors and lipids, are sorted to 
the cell surface for recycling, whereas others, like some growth factor receptors and 
soluble molecules are sorted to late endocytic compartments and/or lysosomes, where they 
may be degraded.  
 
1.6.1 The Early Endosomes 
Five to ten min after internalisation, cargo reaches intracellular membrane 
compartments, the early endosomes, which are dispersed throughout the cytoplasm. 
Looking at the ultrastructural level, these organelles are pleiomorphic tubular-vesicular 
structures reminiscent of a human hand (Marsh et al. 1986; Griffiths et al. 1989), where the 
fingers represent tubular structures of 50-60 nm in diameter emerging from a vacuolar 
body (250-400 nm in diameter) (Gruenberg et al. 1989).  
Early endosomes function as a first branching point, where incoming cargo is 
sorted and targeted to different locations in the cell. Cargo, which is sorted towards 
degradation ends up in late endosomes, whereas other cargo molecules recycle back to the 
plasma membrane or are transported to other intracellular compartments e.g. the Golgi 
complex (Geuze et al. 1984; Dunn et al. 1989; Mallard et al. 1998). The first step in 
endocytic sorting is achieved on the level of early endosomes by the uncoupling of 
receptors from their ligands. Due to the activity of various proton pumps and ion channels, 
the pH of early endosomes is slightly acidic (pH ~ 6.2) and promotes the dissociation of 
many ligands from the internalised receptors (Al-Awqati 1986) (see also below for more 
details). 
  
1.6.1.1 Protein Sorting in Early Endosomes 
There are two major, however, non-exclusive ways how sorting within the early 
endosomal membranes takes place. One model is considering the geometry of the 
organelle, the other is based on signal dependent targeting of membrane proteins into 
 37
Characterisation of Novel Rab5 Effector Proteins    Schnatwinkel, 2004 
certain membrane domains of the early endosome. These domains are then sorted towards 
degradation. 
 
The geometry model 
According to this model, soluble cargo as well as ligands, which are dissociated 
from their receptors accumulate in the vacuolar part of the endosomes, whereas 
transmembrane receptors or membrane bound molecules, like receptors are preferentially 
enriched in narrow, tubular structures due to a higher membrane surface to volume ratio 
(Marsh et al. 1986; Linderman and Lauffenburger 1988; Dunn et al. 1989). It is believed 
that sorting is efficiently achieved by pinching off these tubular elements from the vacuolar 
body and recycling them back to the plasma membrane (Geuze et al. 1983; Geuze et al. 
1987). The content of the vacuolar body of the sorting endosome is instead delivered to 
late endocytic structures without actually leaving the lumen of the organelle. The lumen 
undergoes a maturation process comprising further acidification, acquisition of late 
endocytic components, and translocating towards the center of the cell. This model 
provides an efficient way of separating soluble molecules from recycling components and 
delivering them to late endosomes without further requirement of a mechanism to actively 
concentrate molecules (see below). By the time the maturation process start most of the 
recycled molecules are already removed efficiently (> 95%) and rapidly (t1/2~2min) from 
early endosomes. 
 
The signal based targeting model 
Another way of sorting is based on the formation of transport intermediates, which 
actively concentrate components in the lumen, similar to clathrin-coated vesicle formation 
at the plasma membrane. Unlike in the geometry-based model, this process requires 
specific targeting information residing on the molecules and is primarily used to sort 
signalling receptors into particular membrane containers (300-400 nm in diameter) on the 
way towards late endosomes/lysosomes. Due to the ultrastructural appearance of internal 
vesicles within the limiting membrane, these membrane containers are described in the 
literature as MVBs (MultiVesicular Bodies) (McKanna et al. 1979; Gruenberg et al. 1989; 
Felder et al. 1990; Aniento et al. 1993; Clague et al. 1994). Their function is to terminate a 
signalling cascade as well as making the cell unresponsive to further signalling.  
How is sorting and downregulation of receptor proteins molecularly achieved? 
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Ubiquitination in protein sorting and MVB biogenesis 
The targeting of signalling receptors towards late endocytic structures and 
degradation is often initiated by monoubiquitinylation of the cytoplasmic tail of the 
receptor, which acts as an endocytosis and a sorting signal within the endocytic and 
secretory pathway (Beck et al. 1999; Levkowitz et al. 1999; Helliwell et al. 2001; 
Katzmann et al. 2001).   
 
Ubiquitin is a 76 amino acid long protein, which is covalently linked via an iso-
peptide bond between the C-terminal glycine of ubiquitin and the ε-amino group of one or 
several lysine residues within a target protein. This occurs through a three-step process 
involving ubiquitin-activating (E1), ubiquitin-conjugating (E2) and ubiquitin ligase (E3) 
enzymes (Pickart 2001). The addition of a single ubiquitin to a substrate is defined as 
monoubiquitination (Hicke and Dunn 2003). Moreover, several lysine residues in the 
substrate can be tagged with single ubiquitin molecules, giving rise to multiple 
monoubiquitination (Haglund et al. 2003; Mosesson et al. 2003). Finally, ubiquitin 
contains seven lysine residues, which can also be targeted by another ubiquitin in an 
iterative process, known as polyubiquitination. This formation of a ubiquitin chain attached 
to a single lysine and plays a role in targeting cytosolic proteins towards degradation in the 
proteasome.  
 
On early endosomes, monoubiquitination of signalling receptors seems to be 
recognized by an ubiquitin binding protein termed Hrs (Hepatocyte growth factor 
Regulated tyrosine kinase Substrate) or its yeast homologue Vps27p (class E vacuolar 
sorting protein, which is required for proper endosomal function including the formation of 
MVBs and trafficking of certain hydrolases to the vacuole). Beside their Ubiquitin 
Interacting Motif (UIM), Hrs/Vps27p are capable of binding to clathrin (Raiborg et al. 
2002). The latter interaction seems to play a role in recruiting ubiquitinated cargo into 
particular clathrin-coated regions of the endosomal membrane and thus preventing it from 
recycling back to the plasma membrane. Beside clathrin, another retention mechanism may 
be exerted by some components of the COP-I coat complex, which regulates vesiculation 
in the secretory pathway (Daro et al. 1997; Piguet et al. 1999). 
The fact that all UIM-containing proteins identified to date also contain other 
protein-binding domains such as clathrin binding, EH-domain, and FYVE fingers suggests 
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that ubiquitination is functionally linked to specific membrane transport machineries 
(Hicke 2001). In fact, Hrs/Vps27p contain a FYVE finger motif through which the protein 
binds to PI(3)P. PI(3)P has been specifically localised to discrete patches on the surface of 
sorting endosomes as well as to the internal membrane of MVB. The fact that wortmannin 
blocks MVB formation proposes a function of PI(3)P in inward budding of the limiting 
membrane to generate the multivesicular regions (Fernandez-Borja et al. 1999). According 
to this model, Hrs may remain bound to cargo during transport to late endocytic 
compartments where cargo is then transferred sequentially to three protein complexes. 
ESCRT-I, ESCRT-II and ESCRT-III (Endosomal Sorting Complex Required for 
Transport) act in promoting the deubiquitinylation of cargo and its internalisation into the 
lumen of a generated MVB.  
The last step is an ATP-dependent hydrolysis by a AAAtype ATPase, Vps4, to 
dissociate the ESCRT-III complex for further rounds of protein sorting (Katzmann et al. 
2002). Recent data document a functional relationship between SKD1, the mammalian 
Vps4 ortholog and the PI(3)-5K PIKfyve (Fab1p in yeast) (Ikonomov et al. 2002). In yeast, 
Fab1p regulates vesicle formation and/or cargo selection in the endocytic pathway through 
the formation of the second messenger PI(3,5)P2, and a similar function is likely in 
mammalian cells (Gary et al. 1998; Odorizzi et al. 1998). PIKfyve is recruited to PI(3)P via 
its FYVE finger motif to produce PI(3,5)P2 on the limiting membrane (Sbrissa et al. 1999; 
Shisheva et al. 1999). Although the production of PI(3,5)P2 is required for protein sorting 
into MVBs, the mechanism is not fully understood (Shaw et al. 2003).  
Recently, myotubularins, a family of inositol-3-phosphatases have been 
demonstrated to dephosphorylate PI(3,5)P2, which lead to an elevated level of PI(5)P. 
Despite the unknown physiological role of PI(5)P and PI(3,5)P2, it may function in analogy 
to the other phospholipids in building a platform for protein-lipid interactions (see below).  
 
Whereas the internalised membranes are efficiently degraded, proteins of the 
limiting membrane seem to be stable. Thus, sorting into these inward budding pits is 
necessary for efficient degradation of transmembrane proteins. This model suggests that 
monoubiquitination serves two distinct post-internalisation functions:  
a) Signal for Hrs- and clathrin-dependent recruitment into specific regions of the early 
endosome to prevent recycling. 
b) Signal that subsequently promotes entry into vesicles at the MVB.  
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1.6.2 The Recycling Endosomes 
Recycling to the plasma membrane occurs either directly from early endosomes or 
from a perinuclear compartment, the recycling endosome (RE) (Hopkins 1983; Yamashiro 
et al. 1984; Schmid et al. 1988; Mayor et al. 1993). For some cargo molecules, about half 
of them returns to the plasma membrane directly from early endosomes within a half-life 
time (t1/2) of 2 to 6 min, whereas the other half trafficks through the RE.  
 
The RE is mainly a collection of tubular organelles with diameters of about 60 nm 
(Marsh et al. 1986; Griffiths et al. 1989) that are associated with microtubules (Daro et al. 
1996) and have a slightly higher pH than that of early endosomes (pH~6,5). Although the 
localisation varies among cell types, the RE is often condense around the Microtubule-
Organising Centre (MTOC) in the perinuclear area. The kinetics of recycling, however, do 
not seem to be significantly affected by the distribution of the RE. Measurements on a 
fluorescent lipid analogue (C6-NBD-shingomyelin) and transferrin recycling revealed a t1/2 
of ~10 min. Sorting from this organelle occurs primarily back to the plasma membrane 
without protein-sorting determinants. However, the latter appears to be required for 
retrograde transport of some proteins from endosomes to the TGN (Johnson et al. 1996).  
Functionally, recycling endosomes appear to be involved during cell locomotion, 
where it has been demonstrated in re-directing membrane recycling to the leading edge (a 
transient polarised plasma membrane region of a migrating cell) (Hopkins et al. 1994). In 
addition, like the apical recycling endosome (ARE) in polarised cells, with which it shares 
molecular similarities (Zacchi et al. 1998), the RE seems to exhibit protein and lipid 
sorting functions. In fact, it has been recently proposed that the ARE represents the major 
post-Golgi sorting compartment in polarised epithelial cells (Ira Mellman, personal 
communication). Examples of lipid based sorting are GPI-anchored proteins, which recycle 
within t1/2 of 30 min, but display recycling kinetics like transferrin when the cells are 
depleted of cholesterol. These data provide evidence for a role of lipid microdomains in 
sorting within the RE independent of adaptor proteins. However, tubules of peripheral 
sorting endosomes have been found to contain numerous clathrin coats that contain 
transferrin but are devoid of α-adaptins (Stoorvogel et al. 1996). These observations 
suggest that a distinct population of clathrin-coated vesicles, distinct from those at the 
plasma membrane, may function in recycling to the cell surface. 
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Despite the numerous functions, there is still a debate whether recycling endosomes 
and early endosomes represent two molecular and functional distinct organelles. The 
argumentation that they exhibit different recycling kinetics is certainly not sufficient. The 
difference in recycling properties may simply be due to the modulation of similar 
molecular machineries rather then on distinct molecular mechanisms. This notion is 
supported by the localisation of certain Rab proteins to both endosomal populations 
(Sonnichsen et al. 2000). However, further studies are required to dissect in detail the 
molecular principles of membrane recycling. 
 
1.6.3 The Late Endosomes 
Late endosomes are prelysosomal endocytic organelles, which have been 
distinguished from other organelles due to their biochemical composition, their 
morphological appearance and by the time it takes for endocytosed macromolecules to be 
delivered to them (Luzio et al. 2000). Although the time varies between cell types and 
between cells in culture and in a living tissue, late endosomes are usually loaded 4-30 min 
after endocytic uptake in mammalian cells. On the ultrastructural level, late endosomes are 
more spherical than early endosomes and appear multivesicular. Similar to the RE, late 
endosomes are concentrated near the MTOC in the perinuclear area. In contrast to early 
endosomes, their lumenal pH is slightly more acidic (pH~5-6) and they are devoid of 
recycling molecules and are enriched in Mannose 6-Phosphate Receptors (M6PRs).  
 
The lipid composition of late endosomes differs from that of earlier endocytic 
compartments. They are enriched in triglycerides, cholesterol esters and selected 
phospholipids including Lysobisphosphatidic Acid (LBPA) (Kobayashi et al. 1998a). 
Compared to the limiting membrane, the internal membranes of mammalian late 
endosomes/MVBs are heavily enriched in either LBPA (Kobayashi et al. 1998b) or PI3P 
(Gillooly et al. 2000). Although the pH is similar to that of lysosomes, the latter do not 
contain M6PRs, which are enriched in late endosomes (Griffiths et al. 1988; Griffiths et al. 
1990). Latter receptors deliver lysosomal enzymes from the TGN to late endosomes 
(Kornfeld and Mellman 1989) to promote initial breakdown of plasma membrane derived 
cargo (Geuze et al. 1988; Griffiths et al. 1988).  
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Apart from the degradative function, the formation of vesicles into the endosomal 
lumen provides a very important immune function in antigen presenting cells, where 
MVBs play a central role in loading of Major Histocompatibility Complex class II (MHC 
II) with antigenic peptides (Kleijmeer et al. 2001). Upon stimulation these late-endosomal 
compartments fuse with the plasma membrane and release the intralumenal vesicles. These 
released vesicles, termed 'exosomes', have been shown to promote B and T lymphocyte 
activation (Denzer et al. 2000). 
 
1.6.4 The Lysosomes 
Christian de Duve first identified lysosomes in 1949 by cell fractionation as the 
organelles responsible for protein degradation within cells. Lysosomes are the endpoints of 
the endocytic pathway at which endocytic tracers accumulate and are eventually degraded. 
Lysosomes resemble in many ways late endocytic structures, morphologically as well as 
physiologically, however are not enriched in M6PRs. Both appear to be multivesicular, 
have a similar lumenal pH (pH~5-6) and are responsible for the degradation of endogenous 
and exogenous macromolecules due the high density of acidic hydrolases.  
In molecular terms late endosomes and lysosomes are enriched in distinct, highly 
glycosylated and conserved lysosomal membrane glycoproteins, such as LAMPs. These 
proteins are generally depleted from early endosomes and the plasma membrane (Kornfeld 
and Mellman 1989).  However, unlike late endosomes, lysosomes retain the capability to 
fuse with early endosomes directly. As for most of the endocytic organelles the boundaries 
between late endosomes and lysosomes are not easy to define, due to similar morphologies 
and their dynamics. Indeed, it seems that both organelles can efficiently exchange content 
and membrane proteins, which restricts a distinction between these two organelles to a few 
characteristics. Lysosomes are higher in density, appear to be electron-denser (Kornfeld 
and Mellman 1989) and lack late endosomal proteins including M6PRs, Rab7 and Rab9 
(Gruenberg and Maxfield 1995). 
 
1.6.5 Organelle Acidification 
 Along the endocytic pathway, internalised molecules encounter successively 
decreasing pH. In early endosomes, the pH of 6.2 facilitates receptor ligand dissociation. 
Similarly, the uniquely low pH of lysosomes (pH 4.8–5.2) enables the selective activation 
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of lysosomal hydrolases once they reach this compartment from the TGN. Acidification is 
also required for some functions of specialized cells, such as antigen processing by 
immune cells (reviewed in (McCoy 1990)). In addition, many viruses and other pathogens 
require access to acidified endosomal compartments in order to efficiently infect cells 
(Perez and Carrasco 1994; Chemello et al. 2002). The dissipation of pH gradients in 
normally acidified compartments perturbs protein sorting and transport along both the 
biosynthetic and endocytic pathways, and also inhibits other functions such as lysosomal 
degradation (Mellman et al. 1986; van Weert et al. 1995; Weisz 2003). Steady-state 
organelle pH is regulated and maintained by a balance between the rates of: 
a) Intralumenal proton pumping,  
b) Counterion conductance, and  
c) Intrinsic proton leak (Grabe and Oster 2001).  
 
Protons are pumped into compartments against their concentration gradients by a 
large multi-subunit complex, the Vacuolar-type ATPase (V-ATPase) (Arata et al. 2002), 
which membrane concentration (pump per membrane area) gradually increases from the 
plasma membrane towards late endosomes/lysosomes. The acidification via the V-ATPase 
is theoretically limited by the accumulation of a positive membrane potential. However, 
passive flow of anions through chloride channels, seem to provide an electrical shunt 
permissive to V-type ATPase activity (Kornak et al. 2001). The third component of pH 
regulation is the rate at which protons exit a given compartment. Modelling studies 
suggested that the decrease in pH between successive compartments is likely due to a 
corresponding decrease in proton efflux coupled with an increase of the V-ATPase pump 
density (Wu et al. 2001). 
 
2. Endocytic Pathway in Polarised Cells 
 There are two major polarised cell types, neurons and epithelial cells. Neurons 
display a polarity by developing to morphological and biochemical distinct plasma 
membranes, the axon and the somato-dendritic domain. This polarity is required for the 
physiological role in receiving and transmitting neuronal signals from one cell to the next. 
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Polarised epithelial cells play important roles in host-defence, nutrient absorption 
and ion transport. Alternations in the trafficking of membrane receptors, transporters and 
channels are often associated with diseases (Kleizen et al. 2000; Rotin et al. 2001; Marr et 
al. 2002). Their polarity is exhibited by the establishment of two biochemical distinct 
plasma membrane surfaces, the apical and the basolateral membrane. To prevent 
intermixing, the two plasma membrane domains are separated by tight junctions (Farquhar 
and Palade 1963; van Meer and Simons 1986; Caplan 1997). Whereas, the basolateral 
domain participates in contacts with the basement membrane and neighbouring cells, the 
apical domain faces the lumen.  
 
The establishment and maintenance of epithelial polarity demands high levels of 
membrane biogenesis, but also relies on a variety of closely interconnected signalling, 
biosynthetic, endocytic and recycling events. The presence of two distinct plasma 
membranes domains therefore necessitates separate apical and basolateral endocytic 
machineries but also evolved distinct biosynthetic routes. In addition, a transcytotic route 
serves transepithelial transport of macromolecules and the sorting of mistargeted apical or 
basolateral membrane components (Rodman et al. 1990; Simons and Wandinger-Ness 
1990; Mostov et al. 1992). 
 
2.1 Endocytic Organelles in Membrane Traffic of Polarised Cells 
 In neurons and polarised epithelial cells, endocytosis is known to occur from both 
axonal/apical and somato-dendritic/basolateral membrane domains, respectively (Bomsel 
et al. 1989; Parton et al. 1989; Parton and Dotti 1993). In Madin-Darby canine kidney 
(MDCK) cells, a model system used to analyse membrane/protein traffic in polarised 
epithelial cells, endocytosis occurs by both clathrin-dependent and -independent 
mechanisms (Eker et al. 1994). Beside the fact that cargo can enter polarised cells from 
two different plasma membrane domains, it will become clear in the following chapter that 
general principles of endocytic trafficking (e.g. sorting, fusion, etc.) in non-polarised cells 
are reappearing in polarised cells. However, organelles may be positioned and 
interconnected differently according to the requirements of the cell type. 
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Shortly after internalisation, the fate of endocytic tracers varies (Figure 14). Fluid-
phase markers, internalised from the apical or basolateral surface enter distinct populations 
of sorting endosomes, the apical early endosomes (AEE) or the basolateral early 
endosomes (BEE) (Bucci et al. 1994; Leung et al. 2000). Both endosomes are located 
primarily underneath the corresponding plasma membrane domain. Both endosomal 
populations are capable to fuse with themselves (homotypic fusion), however they do not 
intermix with the other endosomal population (heterotypic fusion) (Bomsel et al. 1990). 
Whereas the majority of apically internalised fluid is thought to recycle or transcytose to 
the opposite plasma membrane, some is delivered to a shared population of late endosomes 
and lysosomes, that receives the majority of basolateral internalised fluid (Bomsel et al. 
1989).  
 
Transferrin receptor (TfR) has a different fate. Upon internalisation and transport to 
BEE, the TfR is directed to a tubular recycling compartment in the perinuclear area that 
also receives apical internalised membrane markers (Odorizzi et al. 1996). It is within the 
tubular invaginations of this compartment that TfR are packaged in vesicles and recycled 
back to the basolateral cell surface (Odorizzi et al. 1996). In analogy to EE in non-
polarised cells, some TfR may recycle directly from the BEE (Sheff et al. 1999), another 
fraction of the TfR may be delivered from the recycling compartment to the AEE (Huber et 
al. 2000; Leung et al. 2000). The latter may be also involved in transcytosis of the receptor 
back to the basolateral surface as suggested by modelling studies based on the kinetics of 
TfR trafficking (Sheff et al. 1999). 
 
The nature of the aforementioned recycling compartment is like in non-polarised 
cells (see section above) not fully understood. In addition, studies on the trafficking 
kinetics of TfR and the transcytosing polymeric Immunoglobulin Receptor (pIgR) 
proposed the existence of two distinct recycling compartments.  
a) The Apical Recycling Endosome (ARE) 
b) The Common Recycling Endosome (CE) 
 
The ARE is described as a branching tubulovesicular network that is clustered in 
the apical region (Apodaca et al. 1994). It shares striking similarities with the RE in non-
polarised cells. Both are tubular structures (50-60 nm) clustered around the MTOC, which 
in polarised cells lies immediately underneath the apical plasma membrane. Similarly, they 
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Figure 14. Endocytosis in polarised epithelial cells. Schematic representation of the organisation of the 
endocytic pathways in polarised epithelial cells. Upon internalisation, fluid, receptors and membrane are 
delivered to distinct AEE or BEE. The entry pathway, indicated by green arrows, requires Rab5 and at least 
for the BEE the effector EEA1. Apically internalised fluid (blue) can recycle, transcytose, or it can be 
delivered to late endosomes/lysosomes. Basolaterally internalised fluid (orange/yellow) is primarily delivered 
to late endosomes/lysosomes, indicated by black arrows. Apical recycling proteins are delivered from the 
AEE to the ARE before they are transported back to the apical pole of the cell. Transport through ARE 
(recycling and transcytosis) requires the small GTPases Rab11, Rab25 and Rab17. Basolateral recycling 
proteins (e.g transferrin receptor) as well as proteins transcytosing in the basolateral to apical direction (i.e. 
pIgR-IgA complex) enter first a shared BEE. Receptor-bound Tf may recycle directly from BEE or is 
delivered to the ARE along with the majority of the pIgR-IgA and recycle back to the basolateral membrane. 
The transcytosing pIgR-IgA complexes, as well as apical recycling pIgR-IgA complexes, are delivered to the 
ARE and ultimately released at the apical plasma membrane. Brown arrows indicate recycling pathways, 
violet arrows show the transcytosis pathway. Abbreviations: AEE = apical early endosome; BEE = basolateral 
early endosome; ARE = apical recycling endosome; MTOC = microtubule organising centre. 
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receive membrane bound markers but are only poorly accessible by fluid phase tracers. 
They also share some molecular composition, like the small GTPases Rab11 and Rab17, 
which supports the notion that RE and ARE might have equivalent functions. 
Unlike TfR, endocytosed pIgR is transcytosed from the basolateral- to the apical 
surface by trafficking through the Rab11-, Rab 25-, and Rab17-positive elements of the 
ARE (Apodaca et al. 1994; Barroso and Sztul 1994; Zacchi et al. 1998; Casanova et al. 
1999; Leung et al. 2000). From the ARE, pIgR is delievered to the apical surface (Gibson 
et al. 1998) while some pIgR-IgA complexes are efficiently internalised into AEE and 
either transcytosed to the basolateral membrane or delivered to the rab11-positive ARE 
(Leung et al. 2000). The observation that pIgR localises to a recycling compartment 
enriched in TfR, suggested the existence of another Rab11-family containing recycling 
organelle, the CE. (Apodaca et al. 1994; Brown et al. 2000; Wang et al. 2000).  
 
However, whether the ARE and CE are molecular und functional distinct 
compartments remains to be clarified. In fact, both organelles share the localisation of 
small GTPases of the Rab11-family suggesting that both organelles follow similar 
molecular principles. 
 
2.2 Sorting in the Endocytic Pathway of Polarised Cells 
One principle that underlies all polarised distribution mechanisms is that sorting 
information, often in form of a discrete amino acid sequence, is carried within the structure 
of sorted proteins. These sorting determinants are recognized by cytosolic components, 
which subsequently specify the delivery of the protein to the correct surface domain.  
 
In epithelial cells, most endocytic motifs, which are used as internalisation 
sequence into clathrin-coated pits in non-polarised cells (see above), are often linked to 
basolateral sorting (Hunziker et al. 1991; Matter et al. 1992; Matter and Mellman 1994; 
Matter et al. 1994; Marks et al. 1996; Lin et al. 1997).  
Delivery of proteins to the apical surfaces of epithelial cells depends on the 
coordination of multiple, distinct, mechanisms. The fact that basolateral sorting requires 
specific protein motifs has suggested that apical transport would occur by default. This 
seems to be the case for at least some proteins, like LDL-R and pIgR receptor, which 
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appear on the apical surface when their basolateral-sorting signal is deleted (Casanova et 
al. 1991; Hunziker et al. 1991).  
 
The first apical sorting determinant was identified in 1989 by Lisanti et al. 
demonstrating that GPI-linked proteins are concentrated in glycosphingolipid-rich domains 
which mediate protein segregation and delivery to the apical cell surface (Lisanti et al. 
1989). This finding suggested a mechanism of sorting, based on protein partitioning into 
stable lipid domains or lipid rafts (Simons and Ikonen 1997; Jacobson and Dietrich 1999).  
Another mechanism for apical sorting proposes that N-linked sugars of cargo 
proteins may be recognized by a lectin-like protein exposed to the lumen of the vesicle. 
The targeting information for the vesicle would thereby be provided by the cytoplasmic tail 
of the lectin (Fiedler et al. 1994; Fiedler and Simons 1995). 
 
3.  The Relevance of the Cytoskeleton in Endocytosis 
 The cytoskeleton comprises an elaborate array of protein fibres that serve such 
functions as establishing cell shape, providing mechanical strength, locomotion, 
chromosome separation but are also implicated actively in almost all membrane trafficking 
events, starting from the formation of transport carriers (e.g. 
macropinocytosis/phagocytosis) (Axline and Reaven 1974) to the transportation of 
intracellular organelles (e.g. mitochondria, endosomes etc). Figure 15 depicts the 
organisation of the actin- and microtubule network within different cells types. 
 
The tubulin cytoskeleton 
Maintaining the steady-state distribution of organelles in the cytoplasm and 
regulating their long-range bi-directional movement is mainly mediated by microtubules 
(Kelly 1990). Studies using nocodazole to disrupt microtubules displayed major defects in 
protein degradation (Gruenberg et al. 1989) without greatly interfering with endocytosis 
and recycling (Matter et al. 1990). These observations underline the requirement of 
microtubules for sorting steps between early and later endocytic components (see above). 
In polarised MDCK cells, the nocodazole block is thought to reflect microtubule-, kinesin 
and dynein-dependent transport of cargo between AEE, BEE, and late endosomes (Bomsel 
et al. 1990).  
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Figure 15. Organisation of the actin- and microtubule network in non- and polarised cells. Although 
actin filaments (drawn in red) are dispersed throughout the cell, they are most highly concentrated in the 
cortex underneath the plasma membrane (A) and constitute the core of the apical brush border (microvilli) in 
polarised epithelial cells (B). Microtubules (shown in green) are nucleated from the perinuclear located 
MTOC from where they radiate out in a polarised dependent manner. In polarised epithelial cells the 
predominant microtubular arrays consists of longitudinal bundles running from the apex to the cell base. Fast 
growing ends are indicated by (+) and slow growing end by (-). Abbreviations: MTOC = microtubule 
organising centre.
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Within the cell, microtubules radiate out from the perinuclear localised MTOC, 
whereby the fast growing end (+) points towards the cell periphery. Literally, these tubules 
are often compared as highways on which membrane compartments are transported via 
motor proteins in an ATP dependent manner. There are two types of microtubule based 
motor proteins: 
1) Kinesin and a family of kinesin-like motor proteins, and 
2) cytoplasmic dynein (Allan and Schroer 1999). 
 
Whereas kinesin motors primarily move towards the plus ends of microtubules 
(Vale et al. 1985; Schroer et al. 1988), dynein travels exclusively towards the minus end 
(Schroer et al. 1989) and is required for transport from early to late endosomes in vitro 
(Aniento et al. 1993).  
Most of the kinesin-like motor proteins travel towards the plus end of microtubules, 
with some exceptions moving towards the minus-end (Miki et al. 2001). 
 
The actin cytoskeleton 
Whereas the role of microtubules in organelle transport is well described, the 
function of actin in endocytosis starts only slowly to emerge. At the plasma membrane, 
actin assembles in a dense cortical network, which seems to function partially as barrier for 
incoming but also outgoing vesicles (Trifaro and Vitale 1993). However, quick-freeze 
deep-etch microscopy studies have shown that the immediate vicinity of clathrin-coated 
pits is almost devoid of actin fibres (Fujimoto et al. 2000), suggesting that there are 
regulatory mechanisms to allow penetration of vesicles.  
 
However, actin does not play an exclusively negative role. As described above, 
actin rearrangements are required for particular internalisation mechanisms, e.g. 
phagocytosis or macropinocytosis. At the apical surface of polarised epithelial cells, 
receptor-mediated as well as fluid-phase endocytosis is inhibited upon actin 
depolymerisation by cytochalasin D (CD) (Gottlieb et al. 1993; Jackman et al. 1994). 
Stabilizing actin filaments with jasplakinolide had no effect at the apical surface, but 
stimulated basolateral non-receptor mediated fluid phase uptake (Shurety et al. 1996). The 
reason for the differences between CD and jasplakinolide may reflect a difference in the 
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pools of actin associated with the apical and basolateral poles of the cells (Yao et al. 1995) 
and/or the differential activity of these agents on these different actin pools.  
 
Cytoskeletal components have been demonstrated to stabilise the endocytic 
machinery on the membrane by providing a physical diffusion barrier. They may also mark 
certain regions on the membrane, hot spots, which facilitate efficient internalisation (Roos 
and Kelly 1999; Owen and Luzio 2000). Such an implication is supported by an enhanced 
mobility of green fluorescent protein labelled clathrin coated pits upon treatment with the 
actin sequestering drug latrunculin B (Gaidarov and Keen 1999).  
 
Actin may also act as a force to drive the fission reaction towards completion as it 
has been demonstrated in A431 cells. Inhibition of actin polymerisation by latrunculin A 
arrested receptor-mediated endocytosis at the stage of invaginated pits (Lamaze et al. 
1997). The required energy for membrane fission could be supplied by actin binding motor 
molecules such as unconventional myosin motors. Type I myosin molecule represents a 
good candidate since this molecule once bound to phospholipid membranes is able to move 
actin filaments (Adams and Pollard 1989; Zot 1995). Moreover, myosin VI has been 
shown to associate with clathrin-coated vesicles and to modulate clathrin-mediated 
endocytosis (Buss et al. 2001). These observations find support in previously reported 
interactions of actin binding proteins with components of the endocytic machinery 
(Qualmann and Kelly 2000; Lee and De Camilli 2002; Otsuki et al. 2003).  
 
Other studies support the notion that actin may help to move membrane containers 
within the cell. Along this line, several vesicles have recently been described to associate 
with actin comet tails in the cytoplasm (Frischknecht et al. 1999; Rozelle et al. 2000; 
Merrifield et al. 2004), as have endosomes and lysosomes in in vitro systems (Taunton et 
al. 2000). These comet tails resemble a mechanism that propels pathogens such as Listeria 
monocytogenes through the cytoplasm of infected host cells. Later stages of endocytosis 
could also involve actin-based motor proteins (Wu et al. 2000).  
 
In addition to having an active role in membrane trafficking, the actin-cytoskeleton 
appears to act as a scaffold to stabilise the localisation of endocytic vesicles within the 
cells (Gasman et al. 2003) and to modulate their morphology. Such a scaffold function is 
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also required to sense membrane tension and may play a role in cell surface area regulation 
by modulating endocytic events (Morris and Homann 2001). 
 
4. Rab Proteins and SNAREs in Membrane Trafficking 
The pioneering work of George Palade back in the 1970ties (Palade 1975) 
established that newly synthesized secretory proteins pass through a series of membrane-
enclosed organelles, including the ER, the Golgi complex, and secretory granules, on their 
way to the extracellular space. Importantly, the secretory proteins are often found within 
small, membrane-enclosed vesicles interspersed among the major organelles of the 
pathway. These observations inspired the vesicular transport hypothesis.  
 
According to this hypothesis, vesicles bud from a "donor" compartment ("vesicle 
budding") by a process that allows selective incorporation of cargo into the forming 
vesicles while retaining resident proteins in the donor compartment ("protein sorting"). The 
vesicles are subsequently targeted to a specific "acceptor" compartment ("vesicle 
targeting"), into which they unload their cargo upon fusion of their limiting membranes 
("vesicle fusion"). The processes of budding and fusion are iterated at the consecutive 
transport steps until the cargo reaches its final destination within or outside the cell. To 
balance this forward movement of cargo, organelle homeostasis requires the retrieval of 
transport machinery components and escaped resident proteins from the acceptor 
compartments back to the corresponding donor compartments ("retrograde transport"), a 
process that is also proposed to occur by vesicular transport.  
All of these steps are tightly regulated and balanced so that a large amount of cargo 
can flow through the secretory pathway without compromising the integrity and steady-
state composition of the constituent organelles and perturbing the functionality. What is 
illustrated for the secretory pathway, matches precisely the situation for the endocytic 
pathway, but what are the mechanisms controlling and regulating these events of budding, 
sorting, targeting and fusion, or expressed by Palade (Palade 1975): “What is the chemistry 
of these membranes and of the reactions involved in their interactions?” 
  
Our present understanding on vesicle/organelle targeting (tethering/docking) and 
fusion has been mainly derived from studies on vacuolar fusion in yeast and homotypic 
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fusion events of endosomes in mammalian cells. Within this processes, small GTPases of 
the Rab-family play a complementary function to SNAREs (Soluble NSF Attachment 
protein Receptor, where NSF stands for N-ethylmaleimide-sensitive factor), which have 
been proposed to mediate all intracellular membrane fusion events. The discovery of 
molecular interactions between Rab effectors and components of the SNARE machinery 
provided in addition new perspectives of how both regulate membrane fusion events. 
However, beside membrane fusion, Rab proteins have been described in various other 
membrane trafficking events and cellular functions, including signalling.  
 
In the following, I will introduce the major players in vesicle fusion such as tethers, 
SNAREs, SM-proteins and Rab-GTPases. In respect to Rab proteins, I will summarise the 
major concepts and the identification of some of their effector proteins. I then describe the 
molecular principles of vesicle fusion, motility and emerging concepts of endocytosis and 
signalling. Finally, I will briefly refer to the role of membrane domains in endocytosis. 
 
4.1 Tethers 
Based on several studies of membrane fusion events, a current working model 
considers the fusion reaction as divided into three sequential steps:  
1) Priming which activates membranes for subsequent docking and does not 
require membrane contact.  
2) Tethering that is defined by the reversible association of membranes at a 
distance of up to 100 nm. 
3) Docking and subsequent fusion, mediated by the close association caused 
by irreversible trans-SNARE pairing.  
 
Tethers link opposing membranes prior to SNARE pairing. They come in several 
flavours (Whyte and Munro 2002).  
The heteromeric “quatrefoil” tethers are a family of protein complexes bearing a 
common domain at the N-terminus of at least some, if not all, of their subunits (Whyte and 
Munro 2002). These tethers consist of a multiple of 4 subunits as exemplified by the 
exocyst (termed the Sec6/8 complex in mammalian studies), which links secretory vesicles 
from the Golgi to polarised exocytosis sites in the bud tip in yeast (Guo et al. 1999b).  
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Another group of tethering molecules does not share common protein domains and 
includes the TRAPP and the HOPS complex, mediating ER to Golgi transport and 
homotypic vacuole fusion, respectively.  
A different type of tether is EEA1, a long coiled-coil protein that promotes the 
homotypic fusion of early endosomes (Christoforidis et al. 1999a) (see below). 
Intriguingly, in all mentioned fusion events the recruitment and assembly of the fusion 
machinery is interconnected to the activity of small Rab like GTPases (see below). In 
yeast, the Rab protein Ypt7p binds to and regulates the localisation of HOPS.  
 
4.2 SNAREs 
Remarkably, upon tethering to the target membrane the fusion reactions relies on 
SNAREs. SNAREs are a superfamily of small proteins with 24 known members in yeast 
and more than 35 in mammals. SNAREs vary widely in size and structure, and share only 
one homologous sequence, the SNARE motif, 60–70 amino acids that include eight heptad 
repeats typical for coiled coils, that serves as their defining feature (for recent reviews 
(Chen and Scheller 2001; Jahn et al. 2003)). In 1994, the SNARE hypothesis was proposed 
to explain in molecular terms what has been morphologically described by Palade 
(Rothman 1994).  
 
The SNARE hypothesis 
The SNARE hypothesis proposes that each type of transport vesicle carries a 
specific integral membrane protein “v-SNARE” that interacts with a cognate “t-SNARE” 
on the target membrane (SNARE-pairing). The observation that distinct SNARE-related 
proteins localise specifically to a single kind of vesicle or target membrane indicated that 
SNAREs help to ensure vesicle-to-target specificity (Bennett and Scheller 1993; Weimbs 
et al. 1998; Chen and Scheller 2001). Subsequently, upon SNARE pairing α-SNAP 
recruits NSF to the SNARE complex (Figure 16). Thereafter, the ATPase activity of NSF 
(Whiteheart et al. 2001) dissociates the SNARE complex (Sollner et al. 1993) and the 
complex can then be retrieved by a vesiculation/budding step. Structural and biochemical 
studies showed that the SNARE complex generated by the pairing of a cognate v- and t-
SNARE is a very stable four-helix bundle, with one α-helix contributed by the monomeric 
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Figure 16. Structure and function of SNAREs. (A) Synaptic trans-SNARE complex taken from Sutton et 
al. (Sutton, 1998). The structures of the two membrane anchors and of the peptide that links the two SNAP-
25 helices are hypothetical. (B) The SNARE cycle. A trans-SNARE complex assembles when a monomeric 
v-SNARE on the vesicle binds to an oligomeric t-SNARE on the target membrane, forming a stable four-
helix bundle that promotes fusion. The result is a cis-SNARE complex in the fused membrane. a-SNAP binds 
to this complex and recruits NSF, which hydrolyses ATP to dissociate the complex. Unpaired v-SNAREs can 
then be packaged again into vesicles. The depictions of the SNARE complex and a-SNAP are from Sutton et 
al. (Sutton, 1998) and Rice and Brunger (Rice, 1999), respectively. 
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v-SNARE and the other three α-helices contributed by the oligomeric t-SNAREs 
(Fasshauer et al. 1997; Sutton et al. 1998).  
An alternative scheme uses the terminology R- or Q-SNAREs, reflecting the 
presence of an arginine or a glutamine, respectively, at a characteristic position within the 
SNARE motif (Fasshauer et al. 1998). Although the two classification schemes are based 
on different principles, there is a rough correspondence of R-SNAREs with v-SNAREs and 
of Q-SNAREs with t-SNAREs.  
 
SNAREs display two major functions: 
1) To promote fusion itself.  
2) To help ensure the specificity of membrane fusion. 
In all transport reactions so far examined, the formation of trans-SNARE 
complexes is essential for fusion (Weber et al. 1998; Hu et al. 2003) and seems to supply 
enough free energy to bring apposing membranes close enough to fuse (Hanson et al. 
1997; Weber et al. 1998; Chen and Scheller 2001). Although purified SNAREs can pair 
promiscuously in vitro, the formation of productive trans-SNARE complexes was almost 
exclusively restricted to physiologically SNARE combinations, when introduced in the 
liposome fusion assay (McNew et al. 2000).  
 
However, SNAREs cannot be the only specificity determinants for membrane 
fusion because a given v-SNARE recycles and is therefore present in both anterograde and 
retrograde vesicles. Additional specificity has to be provided by other means. In this 
respect, tethering proteins with the aid of Rab family GTPases (known as Ypt proteins in 
yeast; see below) seem to help to promote the initial association of two membranes 
(McBride et al. 1999; Segev 2001).  
In addition, there are accessory components and regulatory reactions modulating 
the fusion activity (Gerst 2003). The best candidate for such an accessory protein is the 
putative Ca2+ sensor synaptotagmin, which interacts with SNAREs and promotes synaptic 
vesicle fusion in response to Ca2+ influx (Jahn et al. 2003). Another type of modulators are 
SM proteins. 
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4.3 SM Proteins 
SM proteins (Sec1/Munc18-like proteins) are soluble proteins often associated with 
syntaxin-like SNAREs. SM proteins are hydrophilic proteins of 650–700 residues (Jahn 
and Sudhof 1999). Wherever examined, deletion of an SM protein stops the respective 
fusion event, showing that SM proteins are essential for fusion. There are far fewer SM 
proteins (4 in the yeast and 7 in the human genome) than fusion reactions, suggesting that 
SM proteins are versatile fusion agents that function in multiple reactions.  
 
SM proteins interact with SNAREs via distinct mechanisms, not all of which 
involve direct binding. At present, most evidence suggests that SM proteins regulate 
SNARE assembly in a manner that is coupled to membrane attachment [Price, 2000 
#1681][Sato, 2001 #1685]. Other studies have also proposed a function of SM proteins as 
syntaxin chaperones (Verhage et al. 2000; Bryant and James 2001), and/or negative 
regulators by preventing SNARE complex formation (Pevsner et al. 1994). Possibly SM 
proteins have a catalytic role in arranging transient protein-protein interactions that are 
essential for SNARE complex formation during fusion, but at present it is not well 
understood how SM proteins precisely function at the molecular level. 
In essence, tethers, SM-proteins, SNAREs and Rab proteins contribute to the 
overall specificity to ensure that membranes fuse at the correct time and place.  
 
4.4 Rab Family of Small GTPases 
 Gallwitz and colleagues identified the first Rab-GTPase Ypt1p in 1986 (Schmitt et 
al. 1986). A year later Salminen and Novick reported that an essential yeast protein, the 
GTPase Sec4p, was required for secretory vesicle exocytosis (Salminen and Novick 1987). 
Subsequently, Ypt1p was demonstrated to be critical for transport between the ER and the 
Golgi (Segev et al. 1988).  
 
Since the first documentation, eleven GTPases called Ypt (including Sec4p) have 
been found in yeast. The mammalian genome encodes more than 68 of these GTPases, 
which were termed Rabs after the tissue they were cloned from (Rat brain) (Pereira-Leal 
and Seabra 2001). Yet, only few of them have been characterised. Numerous studies have 
established that Rab proteins are distributed to distinct intracellular compartments and 
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Figure 17. Map of intracellular localization of Rab proteins. This image summarises the intracellular 
localization of Rab proteins in mammalian cells. Some proteins are cell- (for example, Rab3a in neurons) or 
tissue-specific (for example, Rab17 in epithelia) or show cell-type-specific localization (for example, Rab13 
in tight junctions). Abbreviations: CCV = clathrin-coated vesicle; CCP = clathrin-coated pit; EC = epithelial 
cells; IC = ER-Golgi intermediate compartment; M = melanosomes; MTOC = microtubule-organizing 
centre; SG = secretory granules; SV = synaptic vesicles; T = T-cell granules; TGN = trans-Golgi network. 
The image is taken from Zerial et al. (Zerial, 2001).
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regulate transport between organelles (Figure 17), the assembly of coat components, 
sorting of cargo molecules into nascent vesicles (Jones et al. 1993; Deretic et al. 1996; 
Jedd et al. 1997a), or attachment and moving of organelles along cytoskeletal elements, 
either along microtubules (Echard et al. 1998; Nielsen et al. 1999a) or along actin cables 
(Hales et al. 2002; Seabra and Coudrier 2004). 
 
4.4.1 Small GTPase as Molecular Switches 
The Rab proteins belong to the superfamily of small (21-25 kDa) Ras related 
GTPases that consists of several subfamilies: 
• Ras,  
• Rho,  
• Rab, 
• ARF,  
• Sar, 
• Ran and 
• Others.  
The degree of amino acid identity is approximately 30%. The highest degree of 
sequence conservation is observed in regions that are directly involved in nucleotide 
binding and hydrolysis. Structural models for Rab proteins have demonstrated that 
GTPases can exist in three different conformational structures: inactive GDP-bound, 
nucleotide free, and active GTP-bound (Boguski and McCormick 1993; Novick and 
Brennwald 1993). In the GTP-bound, activated conformation, GTPases display functional 
interactions with other cellular components, termed Rab effectors. Individual Rab proteins 
can interact with multiple effectors that also mediate other functions of Rab proteins and 
often involve a given Rab protein in sequential steps of the same membrane trafficking 
pathway. Hydrolysis of GTP to GDP places the protein in an inactive form. Due to this 
alternating between active and inactive forms, Rab proteins can act as “molecular 
switches” (Figure 18).  
It should be noted that their on/off regulatory function is restricted to the membrane 
compartment where they localise. 
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Figure 18. The GTPase molecular switch. GTPase appear in two different conformations. The GDP-
conformation represents the inactive form. Nucleotide exchange of GDP to GTP induces a conformational 
change within the GTPase, allowing the protein to interact with downstream effector proteins. Hydrolysis by 
the activity of the GTPase domain results in the release of an anorganic phosphate and returns the GTPase 
protein into the inactive, GDP-bound conformation. 
GDP GTP
Effector
GTP GDP
Pi
Downstream 
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4.4.2 Accessory Proteins of Rab-GTPases 
At steady state, most Rabs appear to be in the GDP bound, membrane-attached 
state. The spontaneous rate of nucleotide exchange and hydrolysis is very slow, thus 
accessory proteins assist in accelerating the reaction in vivo.  
 
After membrane association of the GTPase, GEFs convert GDP-bound Rab 
proteins into the active, GTP-bound conformation. GAPs terminate the activity of the 
GTPase by increasing the intrinsic rate of GTP hydrolysis (Boguski and McCormick 
1993). The resulting GDP bound Rab is then recognized by RabGDI (Guanine nucleotide 
Dissociation Inhibitor) (Pfeffer 2003). Rab proteins do not have a transmembrane region. 
However, they are attached to membranes via hydrophobic geranylgeranyl groups, which 
are covalently linked to cysteine residues in the C-terminal region.  
RabGDI extracts the protein from the membrane by solubilising and subsequently 
enveloping these hydrophilic groups (Alexandrov et al. 1994; Wu et al. 1996) and delivers 
them to their appropriate compartment (Soldati et al. 1993; Ullrich et al. 1994). RabGDI 
therefore maintains Rab proteins in a dynamic equilibrium.  
The prenylation of Rab proteins is catalysed by a multisubunit enzyme the Rab 
Geranylgeranyl-Transferase (RabGGTase) (Seabra et al. 1992b; Seabra et al. 1992a). 
REP-1 (Rab Escort Protein-1) proteins are structural and functional related to RabGDIs 
and are responsible for the initial membrane delivery of Rab proteins. 
 
4.4.3 Membrane Targeting of Rab-GTPases 
 Although the molecular mechanism of specific membrane targeting remains poorly 
understood, there are increasing numbers of examples where cooperative interactions lead 
to a protein's localisation on a given organelle. One example is the soluble TIP47 that is 
required for the transport of mannose 6-phosphate receptors from late endosomes to the 
Golgi (Diaz and Pfeffer 1998; Carroll et al. 2001). In addition, recent work by Pfeffer and 
colleagues described a family of membrane bound Yip proteins (Ypt interacting proteins; 
PRA (Prenylated Rab Acceptor) in mammalian cells) that operates as GDI Displacement 
Factor (GDF) to facilitate the dissociation of Rab proteins from GDI on a given membrane 
(Sivars et al. 2003). 
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4.4.4 Membrane Cycling of Rab-GTPases 
There are two important features of Rab-GTPases: 
1. Their ability to function as ‘molecular switches’ (see above) 
2. The cycling of Rab proteins between different membranes.  
 
The latter Rab cycle has several implications. 
a) On a given membrane, it allows in space and time the recruitment of 
cytosolic protein components, which exert a specific cellular function.  
b) Cycling between given membranes permits controlling of vectorial 
transport.  
Upon membrane localisation, the formation of a biochemical micro-environment by 
the Rab protein gives a definite identity, which determines the traffic fate of the membrane 
bound container. Both contribute to the efficiency and fidelity of membrane trafficking.  
 
However, it should be noted that a single Rab alone is not sufficient to provide 
identity and functionality to a given membrane container. It is the combinatorial use of all 
components, different Rabs and their effectors and membrane proteins, that creates the 
specificity of a particular membrane environment (see also below) (Zerial and McBride 
2001; Miaczynska and Zerial 2002). The combination of Rab- and nucleotide cycle 
(molecular switch) shall be exemplified by Rab5 (Figure 19).  
For productive fusion, Rab5 is required on both, donor and acceptor membranes 
(see below). In addition, membrane-bound Rab5 undergoes futile cycles of nucleotide 
binding and hydrolysis even in the absence of membrane fusion (Rybin et al. 1996).  
 
4.4.5 Localisation/Compartmentalisation of Rab Proteins in the 
Endocytic Pathway 
A characteristic feature of Rab proteins is their specific intracellular distribution 
(Simons and Zerial 1993). The number of Rab proteins localising to organelles along the 
endocytic pathway reflects the need for a sophisticated molecular machinery to control 
multiple membrane transport steps in polarised and non-polarised cell types. Many Rab 
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Figure 19. The GTPase-Rab5 membrane cycle. On the plasma membrane Rab5-GDP is activated by GEF 
(guanine nucleotide exchange factors; (1)) to exert its function in clathrin-coated vesicle formation (2). It 
remains associated with CCVs where it undergoes several cycles of GDP/GTP exchange and hydrolysis (3). 
The hydrolysis rate is roughly t1/2 = 1.5 min. Fusion of CCVs with early endosomes releases the internalised 
cargo into the lumen and requires activated, GTP-Rab5 on both membranes (4). In addition, on early 
endosomes activated Rab5 mediates fusion among early endosomes (5). Rab-GDI (GTPase displacement 
inhibitor) extracts the inactivated Rab5-GDP form early endosomal membranes and recycles the protein back 
to the plasma membrane in order to start a new Rab5 cycle (6). Abbreviations: CCP = clathrin-coated pit; 
CCV = clathrin-coated vesicle.
1.)2.)
3.)
4.)
5.)
6.)
Characterisation of Novel Rab5 Effector Proteins    Schnatwinkel, 2004 
proteins are ubiquitously expressed, since they are involved in membrane trafficking steps 
common to all cell types.  
 
Intriguingly, there is often more than one Rab localising to a single organelle, 
which may emphasise the complexity of the different transport mechanisms. Moreover, it 
appears that distinct Rab proteins on a given organelle partition into functional separated 
membrane areas, termed Rab domains. These membrane domains display differential 
pharmacological sensitivity, reflecting their biochemical and functional diversity. Based on 
this observation it has been proposed that endosomes are organised as a mosaic of different 
Rab domains (Figure 20) created through the recruitment of specific effector proteins (see 
below), which cooperatively act to generate a restricted environment on the membrane 
(Sonnichsen et al. 2000; Miaczynska and Zerial 2002). 
 
The best-characterised Rab proteins in the endocytic pathways are Rab5, Rab4 and 
Rab11. Whereas both, Rab5 and Rab4, function on early endosomes (Bucci et al. 1992; 
van der Sluijs et al. 1992), Rab 11 seems to regulate trafficking through the recycling 
endosome (Ullrich et al. 1996). However, depending on the requirements of the cell, the 
composition of these Rab proteins on organelles can be shifted. 
 
Beside the aforementioned GTPases, there are additional Rabs localising on early 
endosomes (Zuk and Elferink 1999). Among them are some, which are only expressed in 
polarised cells, for instance Rab17, Rab18, Rab20, Rab25 (Lutcke et al. 1993; Lutcke et al. 
1994; Zacchi et al. 1998). Rab7 and Rab9 both localise to late endosomes (Chavrier et al. 
1990; Lombardi et al. 1993), and control different transport steps. Whereas Rab7 has been 
implicated in the delivery of cargo from early sorting endosomes to late endosomes (Feng 
et al. 1995), Rab9 regulates transport from late endosomes to the TGN (Lombardi et al. 
1993). 
 
4.4.6 The Function of Rab Proteins in the Endocytic Pathway 
 As for all GTPases, Rab proteins display their function in space and time on a given 
membrane to where they localise. Upon GDP to GTP exchange, activated Rab proteins 
coordinate the assembly of a set of effector proteins, which execute the required function. 
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Figure 20. Subcompartmentalisation (mosaic) of Rab domains. (A) A431 cells transfected for GFP-Rab4 
and immunolabelled for the Rab5 effector EEA1 reveal partitioning into different membrane areas within a 
single endosome (inlet). (B) Depicted in a scheme is the compartmentalization of the three small GTPases 
Rab5, Rab4 and Rab11 within the membrane of early endosomes. Cargo flows sequentially through these 
domains as indicated by the arrows. Like proposed for Rab5, Rab4 and Rab11 may cluster their effector 
proteins in a defined membrane area. Communication between these biochemical and pharmacological 
distinct domains is established by bifunctional (divalent) Rab effectors. The image is adapted from 
Sonnichsen et al. 2000.
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The identification of this molecular machinery, controlled by these GTPases is therefore 
fundamental to understand the basic principles of membrane transport.  
The following chapters will focus mainly on the best-characterised Rab-GTPase in 
the endocytic pathway, Rab5. I will begin with an introduction on known Rab5 effectors 
and their function in the endocytic pathway, such as membrane fusion and organelle 
motility and finish with recent observations that Rab5 exerts a role in signal transduction 
events. 
 
4.4.6.1 The Small GTPase Rab5 
 Within the early endocytic pathway Rab5 is a rate-limiting component that exerts a 
variety of different, however interconnected functions, to regulate the entry of cargo from 
the plasma membrane into the early endosome in both, polarised and non-polarised cells 
(Bucci et al. 1994; de Hoop et al. 1994).  
 
At the plasma membrane, Rab5 displays a role in at least two independent 
pathways. In the pinocytic pathway, upregulation of plasma membrane targeted Rab5 by 
substituting the C-terminal targeting sequence for the plasma membrane targeting K-Ras 
protein, effectively stimulates fluid phase endocytosis (Marina Matyash, manuscript in 
preparation). In the clathrin-mediated pathway, Rab5-GDI complex seems to be required 
for efficient receptor sequestration into clathrin coated pits (McLauchlan et al. 1998). 
According to other reports, Rab proteins may interact directly with cargo molecules thus 
ensuring efficient trafficking (Seachrist et al. 2002; van et al. 2002). However, the 
mechanism by which Rab5 is integrated into the internalisation step remains to be 
elucidated.  
 
Despite a function at the plasma membrane, Rab5 regulates organelle motility, 
fusion among EEs (homotypic) and between EEs and CCVs (heterotypic) through 
recruitment of distinct subsets of previously identified effector proteins. Among them are: 
• The Rabaptin-5/Rabex-complex, which exhibits nucleotide exchange 
activity on Rab5 through Rabex-5  
• PI3-Kinases (hVps34; p110β) and PI-Phosphatases (PI4’- and PI5’-
phosphatase) which are involved in generating PI(3)P on early endosomes 
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• FYVE-finger containing proteins such as EEA1 and Rabenosyn-5, which 
interact with PI(3)P. 
 
The property of the depicted effectors proposes already a synergy among them, 
which will become clear in the following section of Rab5 in membrane fusion (see below). 
Beside the various effector proteins are also accessory factors, such as 
• RN-tre, a GAP for Rab5 and 
• RIN-1, another GEF, 
 
which modulate the activity of Rab5.  
 
Next, I will summarise the molecular function of Rab5 in various aspects of 
membrane trafficking, which the Zerial laboratory and other groups obtained from the 
characterisation of known effectors. I begin with the role of Rab5 in membrane tethering 
and fusion. 
 
Rab5 in membrane fusion 
Upon internalisation, Rab5 remains associated with CCVs, where it mediates the 
fusion with Rab5 containing early endosomes. The molecular machinery involved in 
vesicle fusion between early endosomes has been extensively described. According to our 
current model (Figure 21), Rab5 together with its effector hVPS34, regulates the 
recruitment of a set of cytosolic FYVE-finger effector proteins in a microdomain on early 
endosomes, enriched in PI(3)P. How is this mechanistically conceived on early 
endosomes?  
 
Upon localisation to the proper membrane target, Rab5 undergoes nucleotide 
exchange facilitated by GEFs. Among the effector proteins, which can bind to the 
activated, GTP-form of Rab5, is Rabaptin-5. This effector comes in a stable complex with 
a GEF for Rab5, termed Rabex-5. The recruitment of Rabaptin-5/Rabex-5 complex further 
activates Rab5 on the membrane and can be viewed as a positive feedback loop.  
 
 
 
 61
Figure 21. The Rab5 microdomain. Illustrated is the organisation of the PI(3)P based Rab5 microdomain 
on early endosomes. (1) The complex network of Rab5 regulators and effectors involves positive feedback 
loops. On early endosomes, Rab5 is activated by local GEFs, which concomitantly leads to the recruitment of 
the rabaptin-5/rabex-5 effector complex. This complex amplifies the local concentration of activated Rab5-
GTP through the GEF activity of rabex-5. The recruitment of several effector proteins, is subsequently 
mediating a whole set of different functions. (2) Active Rab5-GTP interacts with the PI3-Kinase, 
hVps34/p150, thus coupling PI(3)P production to Rab5 localisation. In addition, Rab5-GTP recruits PI3-
Kinases of the p110b type, phosphatidylinositol-4-phosphatases (4'-Ptase) and phosphatidylinositol-5-
phosphatases (5'-Ptase), to amplify the local PI(3)P concentration by metabolising PI(4,5)P2 or PI(3,4,5)P3, 
respectively. Both, Rab5 activation and the presence of PI(3)P allow the recruitment of FYVE-finger 
containing proteins that mediate (3) membrane fusion, (4) microtubule-dependent motility (5) and signalling. 
Note that none of the individual components (Rab5 or PI(3)P) is sufficient to form a domain, but it is the 
cooperative activity of all components that creates the specificity of that particular membrane environment. 
Oligomerisation of Rab5 effectors into clusters restricts the functionality of the Rab5 domain within a limited 
area of the early endosome. Abbreviations: PI = phosphatidylinositol; MT = microtubule; SARA = Smad 
anchor for receptor activation.
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Upon Rab5 activation, a dual mechanism of Rab5 effectors produces PI(3)P: 
a) Phosphorylation of PI by hVps34 (Christoforidis et al. 1999b). 
b) Phosphorylation of the 3’ postion of PI(4,5)P2 by PI3-K β to produce 
PI(3,4,5)P3, which through a hierarchical enzymatic cascade of PI5 and PI4-
phosphatases  catalyses the production of PI(3)P (Shin et al., submitted).  
These events, local activation of Rab5, and the concomitant production of PI(3)P, 
build the core of a functional interaction platform, which mediates fusion between early 
endosomes (homotypic fusion) and with clathrin-coated vesicles (heterotypic fusion) as 
well as motility of early endosomes along microtubules (Nielsen et al. 1999a) and may 
play a role in signal transduction events (Hayes et al. 2002).  
 
The presence of PI(3)P in the environment of active Rab5 is essential for the 
localisation of two other Rab5 effectors, the FYVE-finger containing proteins EEA1 
(Stenmark et al. 1996) and Rabenosyn-5 (Nielsen et al. 2000b), which provide 
complementary regulatory functions on the SNARE machinery (McBride et al. 1999; 
Nielsen et al. 2000b).  
Rabenosyn-5, similar to its yeast homologue Vac1p, regulates SNARE pairing 
through the interaction with the Sec1-related protein (SM protein) Vps45 (Nielsen et al. 
2000b).  
EEA1 is an extended coiled-coil molecule that consists of two Rab5 binding sites, 
one at the N- and the other at the C-terminus (Lawe et al. 2000) and is essential for hetero- 
and homotypic endosome fusion (Christoforidis et al. 1999a). It has been demonstrated to 
act as a tethering molecule that, via the interaction with its Rab5 binding sites, brings two 
opponent membrane compartments in close proximity for subsequent fusion. EEA1 
interacts directly with syntaxin 13 and syntaxin 6, two SNAREs involved in endosomal 
fusion events (McBride et al. 1999; Simonsen et al. 1999). Moreover, EEA1, the Rabaptin-
5/Rabex-5 complex and syntaxin 13 form large molecular weight oligomers whose 
assembly is regulated by the ATPase activity of NSF (McBride et al. 1999). The 
oligomerisation of Rab5 effectors into clusters restricts a functional Rab5 domain within a 
limited area of the early endosome.  
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It should be noted that none of the individual components, Rab5 or PI(3)P, is 
sufficient to form a domain itself, but it is the combinatorial use of all components that 
creates the specificity of that particular membrane environment (Zerial and McBride 
2001). Overall, these data exemplify that membrane tethering and SNARE-dependent 
membrane fusion are directly linked processes, co-ordinated by the same GTPase. The 
compartmentalisation of Rab5 effectors within a restricted, PI(3)P enriched membrane 
domain may contribute to ensure specificity and efficiency, e.g. to membrane fusion events 
by retaining and locally activating SNARE molecules.  
 
Rab5 in protein sorting and endosome motility 
The same molecular principle described for endosome fusion (see previous section) 
seems to persist for Rab5 mediated protein sorting (de Renzis et al. 2002) and organelle 
motility. Based on the initial work by Nielsen et al. (Nielsen et al. 1999b), Hoepfner, Zerial 
and colleagues have recently found a kinesin related motor protein, Kif16B, (unpublished 
data), which moves endosomes towards the plus end of microtubules. Intriguingly, this 
motor contains a Phox domain motif, which has recently been shown to interact with 
PI(3)P (Cheever et al. 2001; Ellson et al. 2001b). Although this motor protein is not a 
direct effector protein of Rab5, the activity and recruitment of Kif16B is linked to Rab5 
mediated production of PI(3)P on the endosomal membrane.  
 
In summary, all the aforementioned findings reveal two important aspects: 
1) By regulating multiple transport processes such as vesicle formation, 
budding, motility and fusion, Rab proteins seem to provide a mechanism to 
molecularly coordinate sequential membrane trafficking steps. 
2) The assembly of cooperatively acting effector proteins generates a 
functional membrane domain, whose stability is dependent in time and 
space on the activity of the GTPase.  
However, how can a single GTPase like Rab5 efficiently perform such a variety of 
tasks?  
 
The previous identification of a vast number of Rab5 effectors (Christoforidis et al. 
1999a) suggests that Rab5 uses distinct effectors or effector subgroups to carry out 
different functions. While the molecular principles in non-polarised cells start to emerge, 
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they remain to be still mysterious in polarised cells. Apical- and basolateral endocytosis are 
two functional distinct pathways, yet Rab5 appears to regulate both in polarised epithelial 
cells (Bucci et al. 1994) and neurons (de Hoop et al. 1994). To prevent intermixing of 
apical and basolateral components it seems therefore unlikely that the Rab5 machineries on 
both domains are alike.  This seems to be at least consistent with that fact that PI(3)P 
depletion, by either using wortmannin or interfering with the PI3-kinase activity of 
hVps34, effects the localisation of EEA1 on basolateral early endosomes only (Tuma et al. 
1999; Tuma et al. 2001). 
 
Rab5 and signal transduction 
In addition, to the aforementioned Rab5 functions, there are several reports 
emerging, that RTK endocytosis and signalling are intimately linked to the activity of Rab5 
(Barbieri et al. 2000; Lanzetti et al. 2000b; Tall et al. 2001). Moreover, recent findings 
have demonstrated that some EGFR signalling is initiated on an endosomal compartment 
harbouring Rab5 and APPL effector proteins (Miaczynska et al. 2004b). Upon EGF 
stimulation, APPL dissociates from this Rab5 compartment and translocates to the nucleus, 
where it activates a mitogenic response.  
 
Typically, binding of EGF to its cognate receptor initiates signal transduction 
cascades, comprising receptor dimerisation, autophosphorylation and recruitment of 
cytosolic components, including the small GTPase Ras. In addition, to affect gene 
transcription levels, these cytosolic components seem to modulate Rab5 activities (Figure 
22). RIN-1, previously described as Ras interacting protein, was found to activate Rab5 by 
stimulating its nucleotide exchange (Tall et al. 2001). In contrast, by entering in a complex 
with epidermal growth factor receptor protein substrate 8 (Eps8), RN-tre activates the 
hydrolysis of Rab5 and inhibits internalisation of EGFR (Lanzetti et al. 2000a).  
 
However, receptor activation does not restrictively modulate the activity of Rab5 at 
the plasma membrane (Barbieri et al. 2000). The p38 MAP-kinase and downstream 
effector of many receptor-signalling cascades, facilitates the delivery of Rab5-GDP to 
active regions of the membrane involved in docking/fusion (Cavalli et al. 2001). In 
addition, the kinase activity of p38 appears to modulate directly the activity of Rab5 
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Figure 22. Receptor mediated regulation of Rab5 activity. Activation of receptor tyrosine kinases (RTK) 
initiates Ras dependent recruitment of RIN-1. The guanine nucleotide exchange factor RIN-1 activates Rab5 
and triggers therefore endocytosis. Activation of RTK also mediates Eps8 dependent recruitment of RN-tre, a 
GTPase activating protein for Rab5. Therefore, signals generated by activated receptor tyrosine kinases 
control both activation and deactivation of Rab5, thereby regulating receptor internalisation. The image is 
adapted from Di Fiore and De Camilli (Di Fiore, 2001).
RN-tre
RTK
Ras
GTP
RIN-1
GDP
Rab5
GDP
GTPRab5
GTP
GTP GDP
Pi
Eps8
Plasma membrane
Ligand
Characterisation of Novel Rab5 Effector Proteins    Schnatwinkel, 2004 
effector proteins, as it affects for instance membrane recruitment of EEA1 (Mace et al. 
submitted). 
 
In essence, endocytosis displays not longer a sink to inactivate receptor- signalling 
cascades. Both, endocytosis and signalling are rather intimately connected in two ways:  
a) Signalling itself can modulate endocytosis rates 
b) Endocytosis can modulate signalling by compartmentalising signalling 
molecules. 
 
4.4.6.2 Rab4 and Rab11 
Rab4 in fast recycling from early endosomes 
Rab4 localises mainly to Rab5 harbouring sorting endosomes and both seem to 
exert distinct but complementory functions. Whereas Rab5 mediates entry of cargo into 
sorting endosomes, Rab4 seems to function in the recycling pathway (exit route). Due to 
two different recycling pathways, the precise function of Rab4 is not fully understood. It 
may mediate the fusion of early endosome-derived vesicles with the plasma membrane 
directly or via trespassing the pericentriolar recycling endosome (van der Sluijs et al. 1992; 
Daro et al. 1996). The different functionality of Rab5 and Rab4 appears to be reflected by 
the physical separation of the Rabs into distinct domains on a given membrane (Figure 20; 
see above). However, these Rab domains are not inert entities, rather communicate with 
each other through common effector proteins (divalent effectors).  
 
The first divalent Rab effector was discovered in 1998. Rabaptin-5 originally 
identified as a Rab5 effector protein was shown to interact also with Rab4 (Vitale et al. 
1998). More recently, the Rab5 effector Rabenosyn-5, has been implicated in transferrin 
recycling by bridging Rab5 and Rab4, suggesting that there is sequential transport of cargo 
from one functional Rab domain to the adjacent one (de Renzis et al. 2002). The fact that 
under these conditions the proportion of Rab4 and Rab11 containing endosomes were 
reduced, proposes that there is a dynamic communication between distinct Rab domains.  
It should be noted that Rabenosyn-5 is initially recruited via the interaction with 
Rab5 and PI(3)P. Rabenosyn-5 is therefore a Rab effector that plays a dual role in entry of 
cargo into the early endosome and subsequent sorting in the recycling pathway. Until 
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today, numerous divalent effector proteins of small GTPases have been described in 
mammalians and yeast. Some are listed in Table 1. 
 
Protein Name: Function: Effector of: Reference:
Rabenosyn-5 Recycling on early 
endosomes 
Rab4 
Rab5 
(de Renzis et al. 2002) 
Rabaptin-5 Complexed to GEF for 
Rab5; Docking of 
transport intermediates 
from EE to RE 
Rab4 
Rab5 
(Vitale et al. 1998) 
(Nagelkerken et al. 
2000) 
hVps34 PI3-kinase Rab5 
Rab7 
(Christoforidis et al. 
1999b; Stein et al. 
2003) 
Rab Coupling Protein 
(RCP) 
Endosomal Recycling Rab4 
Rab11 
(Lindsay et al. 2002) 
Sec2p GEF for Sec4p Ypt31p/32p 
Sec4p 
(Ortiz et al. 2002) 
RabUbiquitinLigase Ubiquitin E3-ligase Rab4 
Rab11 
(Rink, De Renzis and 
Zerial in preparation) 
 
Table 1. Divalent Rab effectors 
 
 
Rab11 in recycling from the RE 
Similar to Rab4, Rab11 shows partial co-localisation with Rab4 and Rab5 on 
sorting endosomes, but primarily localises to the perinuclear RE (Sonnichsen et al. 2000). 
Consistent with its localisation to the RE, over-expression of a dominant negative mutant 
of Rab11 selectively inhibits the slow recycling pathway (Ullrich et al. 1996). Besides 
localising to recycling endosomes, Rab11 has also been found on late Golgi and post-Golgi 
membranes, suggesting an additional role in transport from the Golgi to the plasma 
membrane (Urbe et al. 1993; Jedd et al. 1997b; Chen et al. 1998b) or in recycling to the 
Golgi (Wilcke et al. 2000). Although the molecular function remains to be elucidated, 
recent attempts have identified a Family of Rab11 Interacting Proteins, or FIPs, which 
help to mediate Rab11 function (Prekeris 2003). 
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4.4.6.3 Rab7 
 Due to its localisation to late endosomes and at least partially to lysosomal 
compartments, Rab7 has been proposed to regulate early to late endosomal/lysosomal 
trafficking and transport of cathepsin D and Cation-Independent Mannose 6-Phosphate 
Receptor (CI-M6PR) from the TGN to late endocytic compartments (Chavrier et al. 1990; 
Press et al. 1998; Bucci et al. 2000). Interfering with rab7 function inhibits this transport 
step, thereby blocking traffic from the cell surface to lysosomes and preventing lysosomal 
degradation (Feng et al. 1995). Rab7 mediates endocytosis and degradation of transporter 
proteins for glucose and amino acids after growth factor withdrawal (Edinger et al. 2003).  
 
To date, only a few effectors of rab7, such as Rab-Interacting Lysosomal Protein 
(RILP) (Cantalupo et al. 2001) and hVps34 (Stein et al. 2003) have been reported. RILP 
appears to be important in the control of late endosome motility on microtubules, serving 
to recruit dynein/dynactin complexes (Jordens et al. 2001). Like Rab5 on early endosomes, 
the recruitment of hVps34 via its linker p150 triggers the production of PI(3)P, which has 
an important role in mediating MVB formation (Futter et al. 2001). 
 
5. Membrane Domains in the Endocytic Pathway 
Biological membranes are composed of proteins and lipids. While the latter confer 
mechanical stability and the tendency to form closed structures, proteins ensure functional 
specificity and regulate the different biochemical reactions each membrane compartment is 
performing. However, it appears that proteins and lipids do not randomly distribute within 
the plane of a given membrane (Figure 23) but rather assemble into specific entities or 
membrane domains (Simons and Ikonen 1997; Sprong et al. 2001). These domains are 
defined membrane areas of a unique biochemical composition, which differ from their 
immediate neighbouring environment. Up to now, there are two major membrane domain 
models discussed.  
1) Lipid rafts  
2) Protein-lipid based domains. 
The combinations of various domains with different biophysical properties will 
likely determine the shape and function of cellular organelles. According to this view, the 
multitude of functions each organelle is performing would therefore be topologically 
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Figure 23. Membrane domains within the endocytic pathway. The image depicts the distribution of 
endocytic lipid domains. Whereas PI(4,5)P2 (green) is thought to be predominantly found at the PM and 
plays a role in the formation of clathrin-coated pits and phagosome formation, PI(3)P (red), PI(3,5)P2 (black) 
and PI(5)P (yellow) are believed to be abundant in endosomes. On early endosomes, a dual mechanism (see 
also text) catalyses the production of PI(3)P, which also accumulates on internal vesicles of MVBs. During 
the transition from early to late endosomes, PI(3)P is either degraded, presumably by the 
phosphatidylinositol-3-phosphatase myotubularin, or converted into PI(3,5)P2 by PIKfyve. PI(3,5)P2 is also 
substrate for myotubularin and may lead to an increase in PI(5)P. The precise distribution of PI(3,5)P2 and 
PI(5)P is not known. Late endosomes also contain large amounts of LBPA (blue), which is generated via an 
unknown biosynthetic pathway. This lipid is abundant within LE internal membranes, which appear to be 
distinct from the remaining PI3P-containing vesicles. Other membrane domains are rafts based on cholesterol 
and sphingolipids (rounded, red-yellow rectangles), which are primarily found on the plasma membrane and 
distributes along the recycling pathways from early sorting- and early recycling endosomes. Another raft 
related membrane domain is organised by caveolins (violet), the major component of caveolae. Abbreviations 
used: PM = plasma membrane; MTOC = microtubule-organising centre.
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organised into distinct domains and regulated through the recruitment of cytosolic proteins. 
This model is in agreement with morphological studies showing organelles, along both the 
secretory- and endocytic pathway, to be composed of functionally and structurally distinct 
territories (subcompartmentalisation). Sub-compartmentalisation within an intracellular 
organelle also provides an explanation for how multiple reactions can occur at the same 
time and with high efficiency without compromising the integrity of the whole organelle 
(Sprong et al. 2001). 
 
Cholesterol and Sphingolipid domains (Rafts) 
Membrane lipids display distinct biophysical properties ranging from liquid-
disordered to liquid-ordered states (Brown and London 1998). The latter have been 
demonstrated to float as patches within the more fluid liquid-disordered matrix and 
therefore are termed rafts (Simons and van Meer 1988). Lipid rafts are enriched in 
cholesterol and shingolipids and localise to the exoplasmic leaflet of several cellular 
membranes, such as on recycling endosomes or recycling tubules of the early sorting 
endosome (Gagescu et al. 2000). The fact that certain proteins partition into these 
microdomains emphasises a key role in protein sorting and signal transduction (Simons 
and Toomre 2000). 
 
Protein-lipid based domains (e.g. Rab domains) 
Another type of membrane domains is achieved by protein-lipid and protein-protein 
interactions, rather then via the biophysical properties of lipids themselves. Rab proteins 
exemplify this type of membrane domain. Unlike lipid rafts, the formation of Rab-domains 
depends on protein-lipid and protein-protein interactions and is energy-dependent, 
requiring both GTP and ATP. In this case, lipid-modifying enzymes are recruited to 
specific regions of a given membrane to create a temporal, lipid environment. 
Concomitantly, these modified lipids act as targeting signals for the recruitment of effector 
proteins containing corresponding lipid-binding motifs. A network of protein-protein 
interactions and oligomerisation is then envisaged to stabilise the components of these 
membrane domains and obstruct their diffusion in the bilayer (Gruenberg 2001; Zerial and 
McBride 2001; Miaczynska and Zerial 2002) (see also above). The prevailing lipids in this 
scenario are phospholipids, such as phosphatidylinositides (see also in the phagocytosis 
chapter) and LBPA. 
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Phosphatidylinositides 
As already mentioned above, phosphorylated products of PIs play critical roles in 
the regulation of several cellular events.  
Within the early endocytic compartments, PI(3)P is the prevailing 
phosphatidylinositide. PI(3)P is enriched in the cisterna vacuolar region, which acts as a 
fusion-competent region for clathrin-coated vesicles derived from the plasma membrane or 
TGN, and is absent from tubular extensions functioning in receptor sorting and recycling 
(Mayor et al. 1993; Gruenberg and Maxfield 1995; Gaullier et al. 2000). It is also localised 
on internal vesicles of MVB. Other phosphatidylinositides, such as PI(3,5)P2 and PI(5)P 
seem to be crucial for sorting into and the biogenesis of MVBs (Odorizzi et al. 1998; 
Ikonomov et al. 2003; Tronchere et al. 2004; Tsujita et al. 2004). 
 
Lysobisphosphatidic acid  
An unusual poorly degradable phospholipid, LBPA has been recently identified in 
internal membranes of late endosomes. Interfering with the function of this lipid by 
antibody injection blocks trafficking of Insulin Growth Factor Receptor-2 (IGFR-2) and 
M6PR, indicating that LBPA enriched lipid domains are involved in protein sorting 
(Kobayashi et al. 1998b). 
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B. Outline of the thesis 
6. Focus 
The focus of this thesis is to study the molecular machinery underlying endocytosis 
with an emphasis on the molecular principles operating in polarised epithelial cells. Many 
endocytic pathways, like clathrin-mediated endocytosis and phagocytosis, have been 
described extensively, morphologically and biochemically, whereas others, such as 
macropinocytosis, lack this detailed molecular understanding.  
Despite the molecular machinery of different endocytic pathways, the relative 
contribution of different endocytic mechanisms to the total cellular endocytic activities is 
poorly understood. Different mechanisms might operate simultaneously to a greater or 
lesser extent in different cell types and the balance of these mechanisms may vary as cells 
differentiate, undergo activation, or acquire specific functional roles.  
These arguments also have to be considered in polarised cell types, like neurons 
and epithelial cells. However, the endocytic mechanisms are more complex due to 
endocytosis occurring from two biochemical different plasma membrane domains 
(basolateral vs. apical in epithelial cells and somato-dendritic vs. axonal in neurons). 
Cargo, internalised from the apical or basolateral plasma membrane has to be transported 
to biochemical distinct endocytic organelles e.g. the apical- or basolateral EE, respectively. 
To ensure cargo flow specificity, but to avoid intermixing, the identity of these organelles 
has to be maintained. In addition, different endocytic pathways, which coalesce in either 
the apical or the basolateral EE have to be coordinated to guarantee membrane 
homeostasis.  
Identifying the molecular machinery regulating and coordinating apical versus 
basolateral endocytosis is therefore fundamental, considering the function of endocytosis 
in various cellular activities.  
Rab5 is a small GTPase, which operates on various steps along the clathrin-
mediated pathway by organising the assembly of a complex network of effector proteins. 
In addition, Rab5 localises to pinocytic vesicles and phagosomes and stimulates 
endocytosis from the apical and the basolateral plasma membrane in polarised epithelial 
cells. Its established function as a membrane organiser on early endosomes, suggests that 
Rab5 may also regulate endocytosis of other endocytic pathways.  
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7. Hypothesis and Experimental Strategy 
This thesis addresses two major, non-exclusive questions: 
1) Does Rab5 regulate and coordinate different endocytic mechanisms?  
2) What are the molecular mechanisms of endocytosis in non-polarised versus 
polarised cells? 
 
In this scenario, the principle of organising the assembly of effector proteins to 
form a functional microdomain may be preserved. However, unlike on early endosomes, 
Rab5 may recruit a different subset of effector proteins to ensure the specificity and 
functionality of different endocytic compartments. In addition, Rab5 may localise to 
compartments of different endocytic entry routes in order to coordinate individual but also 
the overall endocytic activity to perpetuate membrane homeostasis. To address this, two 
approaches were pursued: 
1) To study the molecular mechanism of endocytosis in polarised and non-
polarised cells a variety of tools were generated:  
a) An in vitro assay was developed to reconstitute endosome fusion and 
define the underlying molecular machinery (Section 8).  
b) An in vivo system based on a combination of cell transfection/infection 
assays and light microscopy techniques were developed with the aim of 
studying the role of Rab5 and its effectors in different endocytic 
mechanisms (Section 9). 
2) Among the previous identified Rab5 effector proteins, I looked for potential 
candidates that would address aforementioned questions. One candidate, a 
novel FYVE-finger containing protein, which we termed Rabankyrin-5 is 
characterised in this thesis (Section 9). 
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C. Results 
8. Polarised Fusion Assay 
 Polarised epithelial cells, like neurons, differ from their non-polarised counterparts 
by displaying biochemical distinct apical and basolateral plasma membrane domains. 
Endocytosis occurs from both surfaces and enters corresponding sets of early sorting 
endosomes (Bomsel et al. 1989; Parton et al. 1989). These types of sorting endosomes can 
undergo homotypic fusion (among the same type), however, fail in fusing with the 
opposite type (heterotypic fusion) (Bomsel et al. 1990). Considering the function of Rab5 
in both pathways (Bucci et al. 1994) I attempted to dissect the distinct underlying 
molecular machinery by reconstituting homotypic fusion between apical and basolateral 
early endosomes in vitro. Based on earlier principles (Bomsel et al. 1990), the ultimate 
goal was to set up an optimised fusion assay, providing reduced material requirements, 
increased reproducibility and an improved signal to noise ratio. 
 
8.1 The Principle  
The principle of the assay is illustrated in Figure 24 and will be exemplified on the 
modified fusion assay of Woodman and Warren and Gruenberg et al. (Horiuchi et al. 
1997). It is based on two components that despite an acidic pH can interact with each 
other, such as the antigen-antibody complex between transferrin and α-transferrin IgG. To 
facilitate later purification of this complex, one component (e.g. transferrin) is biotinylated. 
Each component is separately internalised into early endosomes by incubating cells either 
with one or the other component usually for 5-10 min. Upon purification, these two 
differently labelled early endosomal populations are mixed together in the presence of 
energy and cytosol to score for fusion activity. Fusion of endosomes allows the interaction 
between the two components to form a complex. After a given time point, membranes are 
lysed by detergent and the released complex is purified by using for instance streptavidin-
coated beads. To prevent complex formation after lysis, non-biotinylated transferrin is 
added in excess. Upon purification, fusion is determined quantitatively using different 
methods. One of the most sensitive detection systems (pmolar range) is based upon 
measurement of light generated by the oxidation and reduction of a ruthenium metal ion at 
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Figure 24. Principle of the in vitro reconstitution of endosome fusion. The reconstitution is based on the 
previous model described by Gruenberg et al. (Gruenberg, 1986). The essence is that two components, 
component A and the biotinylated component B, which under normal conditions would interact with each 
other, are internalised independently into early endosomes. The components are therefore spatially separated 
and prevented to interact by the endosomal membrane (A). However, fusion between these distinct early 
endosomal populations would allow the intermixing of the intralumenal content and subsequently to the 
interaction of the two components (B). After a given time, the interaction complex is released from 
endosomes by detergent. Non-biotinylated component B is added before lysis to quench the interaction of 
endosomal released components. Purification could be based on magnetic beads harbouring an avidin tag, 
which would form a tight interaction with the biotinylated component B (C). To determine the amount of 
interaction and therefore the fusion events among endosomes, an Ru-conjugated antibody against component 
A is added (D). Oxidation and reduction of the ruthenium metal ion at the surface of an electrode, generates 
light, which could be subsequently detected and measured. (See also text for further details). Abbreviations: 
Ru = ruthenium.
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the surface of an electrode (see materials and methods for further details). Ruthenium is 
covalently linked to a secondary antibody (detection antibody), which is subsequently 
applied to the purified complex.  
 
8.2 The Strategy 
To reconstitute endosome fusion in polarised epithelial cells in vitro, the following 
criteria were considered: 
1) To get efficient labelling of endosomes, at least one component of the 
complex had to be internalised via receptor-mediated endocytosis.  
2) The receptor had to be nearly equally distributed among the basolateral as 
well as the apical surface and had to enter early endosomes.  
 
Accordingly, two MDCK cell lines were chosen. MDCK-TfR cells which 
overexpress the human transferrin receptor and MDCK-20C7, a cell line which expresses 
the chimeric FcRII receptor (Matter et al. 1992). Both cell lines were tested for their 
receptor distribution to both plasma membrane domains. In the case of the MDCK-TfR 
cells, biotinylated transferrin (b-Tf) and α-transferrin antibody (α-Tf) was applied.  
For MDCK-20C7, a complex comprising biotinylated rat 2.4G2 monoclonal anti-
FcRII antibody (b-Fab) and another antibody against 2.4G2 were used (α-Fab).  
 
8.3 The Results 
To score for a b-2.4G2/α-2.4G2 complex with optimal signal to noise ratio, rat b-
2.4G2 was combined directly with antibodies (α-2.4G2) of different species, either as 
whole IgGs or as F(ab)2 fragments. In addition, the various arrangements were combined 
with different species of Ruthenium labelled detection-antibodies. A titration of the 
optimal combination is depicted in (Figure 25A, B). This combination was subsequently 
utilised for the endosome labelling process.  
 
Post-nuclear supernatant (PNS) was prepared and mixed in the presence of cytosol 
and energy to score for basal fusion among apical and basolateral endosomes (Figure 25C). 
Homotypic fusion between apical and basolateral endosomes revealed a 2.6 fold (apical) 
and 3.5 fold (basolateral) increase over the background signal, which in contrast to 
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Figure 25. Test of different interaction components in endosome fusion of polarised epithelial cells. (A) 
Schematic representation of the optimal interaction pair in terms of signal to noise ratio. (B) Titration of the 
biotinylated 2.4G2 rat antibody against increasing amounts of anti-rat IgG (H+L) antibodies. (C) Fusion 
among apical and basolateral early endosomes using the aforementioned components depicted in (A) despite 
anti-rat IgG (H+L) antibodies, anti-rat Fab-fragments were used. In vitro fusion was performed using post-
nuclear supernatant (PNS) of MDCK cells in the presence of 3 mg/ml HeLa cytosol, and an ATP regenerating 
system (basal). In addition, the different endosomes were tested for their concentration of the indicated 
component (column 5,6 for apical endosomes and column 11,12 for basolateral endosomes). Background 
fusion activity is demonstrated by ATP (- energy) or cytosol (- cytosol) omission. The total signals are derived 
from mixing PNS in the absence of non-biotinylated quencher. Abbreviations: H+L = heavy and light chain. 
The experiments are representatives of at least two independent experiments. The standard deviations are 
usually less than 15%.
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homotypic fusion of endosomes in non-polarised cells, seemed to occur almost 
independently of supplied energy or cytosol. However, the total possible fusion efficiency 
of both basolateral and apical endosomes was only 1.3 fold increased and was based on a 
poor labelling of endosomes, particularly of basolateral endocytic compartments.  
 
The obvious contradiction between the total capacity value and basal fusion 
efficiency may be explained by unspecific binding of non-biotinylated 2.4G2 antibody to 
the magnetic beads. This antibody is generally used to quench complex formation after 
endosome lysis. In fact, when non-biotinylated 2.4G2 antibody was mixed with detection 
antibody only, the signal was significantly increased over the background levels, indicating 
that unspecific binding may indeed contribute to the increased basal signal detected 
between apical and basolateral endosomes fusion. Therefore, reconstitution of endosome 
fusion in vitro based on the b-2.4G2/α-2.4G2 (F(ab)2) complex formation seems not to be 
effective enough, since: 
a) The internalisation of the components into early endosomes is poor and  
b) The quenching antibody itself provides a considerable background signal, 
which unable reasonable determination of fusion. 
 
IgG molecules are large 150-kDa proteins, comprised of three protein domains. The 
protein domain involved in immune regulation is termed the Fc fragment (fragment that 
crystallizes), whereas the two domains that carry the antigen binding sites are known as 
Fab fragments (Fragment having the antigen binding site). The latter can be isolated by 
digestion with the protease papain, without interfering with antigen binding. Since 
internalisation of whole antibodies into early endosomes was inefficient, I tested whether a 
smaller, biotinylated Fab fragment (b-Fab) enters the cells more effectively. In addition, a 
Fab fragment of the α-2.4G2 IgG molecule was applied. Albeit entering early endosomes 
more effectively, the basal fusion signal was not considerably improved, mainly due to a 
10-20 fold reduced sensitivity of the complex compared to the previous b-2.4G2/α-2.4G2 
(F(ab)2) (data not shown).  
 
Since both approaches failed to set up a functional reconstitution of endosome 
fusion in polarised cells, I attempted to switch to another protein interaction pair, b-Tf/α-
Tf, which was successfully used for in vitro studies in non-polarised cells. The labelling 
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efficiency of either b-Tf or α-Tf containing endosomes in MDCK-TfR cells was directly 
compared with the corresponding HeLa cell endosomes (Figure 26). Strikingly, the 
internalisation of b-Tf was significantly reduced in apical and basolateral endosomes. 
Compared to b-Tf uptake, α-Tf labelling was diminished in all three endosomal 
populations, but drastically in basolateral endosomes. The overall reduced uptake into 
basolateral endosomes is also reflected in a poor total fusion capacity and basal fusion 
activity, which is indistinguishable from the background signal. Surprisingly, although the 
total fusion capacity of apical endosomes was considerably high, the basal fusion activity 
resembled background levels.  
 
In conclusion, by using the b-Tf/α-Tf interaction pair, the in vitro reconstitution of 
endosome fusion improved considerably in sensitivity and at least for apical endosomes in 
the total fusion capacity. However, the basal homotypic fusion activity of basolateral and 
apical endosomes remained suboptimal for a reliable quantification. 
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Figure 26. Reconstituting endosome fusion by using biotinylated-transferrin (b-Tf) and anti-transferrin 
antibodies (α-Tf). (A, B) The internalisation efficiency of b-Tf (A) and α-Tf (B) into apical or basolateral 
early endosomes was determined by combining labelled endosomes directly with an excess of either b-Tf or 
α-Tf. The values were in addition compared with the labelling efficiency of early endosomes from HeLa 
cells.  (C) Comparison of the total signals derived from mixing lysed purified HeLa endosomes, apical- or 
basolateral PNS in the absence of non-biotinylated quencher. (D) Basal in vitro fusion using post nuclear 
supernatant (PNS) of MDCK cells or purified early endosomes from Hela cells in the presence of 3 mg/ml 
HeLa cytosol, and an ATP regenerating system. The experiments are representatives of at least two 
independent experiments. The standard deviations are usually less than 15%.
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9. The Rab5 Effector Rabankyrin-5 Regulates (Macro)-pinocytosis 
and Coordinates Different Endocytic Mechanisms 
9.1 Identification of a Novel 130-kDa Rab5 Effector 
A recently established affinity chromatography method using GST-Rab5 as bait, 
purified a large number of Rab5 effector proteins from bovine brain cytosol (Christoforidis 
et al. 1999a). Among the numerous proteins, I focused on a prominent 130-kDa protein 
(Figure 27A). The protein was digested with trypsin and the amino acid sequences of the 
tryptic fragments were determined by nanoelectrospray tandem mass spectrometry (Wilm 
et al. 1996). The identified peptides matched the mouse sequence of Ankhzn (Ankyrin 
repeat containing protein hooked to a zink-finger). The corresponding human cDNA was 
obtained by a PCR reaction, using primers derived from the mouse DNA sequence and a 
random primed HeLa cDNA library as template (Zerial et al., International patent 
application PCT/EP00/09130 (2000)). The sequence of the human cDNA matched the 
recently revised hAnkhzn gene sequence (NP 057460.2) (Kuriyama et al. 2000) Figure 28. 
The predicted human p130 primary sequence consists of an N-terminal BTB/POZ domain, 
a C-terminal FYVE finger, and 21 successive ankyrin repeats in between these two 
domains (Figure 27B). In light of the fact that p130 is a Rab5 effector (see below), the 
following study refers to it as Rabankyrin-5 (Rab5 binding and ankyrin repeats containing 
protein).  
 
To investigate the function of human Rabankyrin-5 an antibodies against the 
recombinant full-length protein was raised. The specificity of the affinity-purified antibody 
was tested both by Western blot and immunofluorescence analysis (data not shown). In 
Western blotting, the antibody detected a predominant band of 130 kDa in bovine brain as 
well as HeLa cytosol, and in the corresponding GST-Rab5-GTPγS but not GST-Rab5-GDP 
affinity column eluates (Figure 29A). Evidence for a direct interaction with Rab5 was 
obtained by incubating in vitro-translated Rabankyrin-5 with beads harbouring GST-Rab5, 
-Rab4, -Rab7 and -Rab11, preloaded with either GDP or GTPγS. Figure 29B shows that 
human Rabankyrin-5 binds to GST-Rab5-GTPγS, but neither to beads containing GST-
Rab5-GDP nor to other Rab proteins tested.  
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Figure 27. A protein of 130 kDa is a new Rab5 effector. (A) 
GST-Rab5-GDP and GST-Rab-GTPγS was loaded on beads, and 
incubated with bovine brain cytosol. Bound proteins were eluted 
and analyzed by SDS-PAGE followed by Coommasie Blue 
staining. The positions of the already known Rab5 effectors 
(EEA1, Rabaptin-5, hVps34, p110β and Rabenosyn-5) and of the 
new Rab5 effector are indicated. (B) Schematic representation of 
the domain organisation in Rabankyrin-5/Ankhzn. Abbreviations: 
ANK = ankyrin repeats; BTB/POZ = Broad-Complex, Tramtrack 
and Bric a Brac/Poxvirus  and  Zinc  finger; FYVE = Fab1, 
YOTB/ZK632.12, Vac1, and EEA1. 
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Figure 28. The new Rab5 effector is a protein called Ankhzn. Amino acid sequence alignment between the 
cDNA clone of human Rabankyrin-5/Ankhzn (human) and the known mouse sequence (mouse). The consensus 
sequence is shown in yellow. Masspectrometry derived peptides used for the identification of the protein are 
underlined.
human: 1    MAEEEVAKLEKHLMLLRQEYVKLQKKLAETEKRCALLAAQANKESSSESFISRLLAIVAD 60
            MAEEEVAKLEKHLMLLRQEYVKLQKKLAETEKRC LLAAQANKE+S+ESFISRLLAIVA 
mouse: 1    MAEEEVAKLEKHLMLLRQEYVKLQKKLAETEKRCTLLAAQANKENSNESFISRLLAIVAG 60
human: 61   LYEQEQYSDLKIKVGDRHISAHKFVLAARSDSWSLANLSSTKELDLSDANPEVTMTMLRW 120
            LYEQEQYSDLKIKVGDRHISAHKFVLAARSDSWSLANLSST+E+DLSDANPEVTMT++RW
mouse: 61   LYEQEQYSDLKIKVGDRHISAHKFVLAARSDSWSLANLSSTEEIDLSDANPEVTMTIVRW 120
human: 121  IYTDELEFREDDVFLTELMKLANRFQLQLLRERCEKGVMSLVNVRNCIRFYQTAEELNAS 180
            IYTDELEFREDDVFLTELMKLANRFQLQLLRERCEKGVMSLVNVRNCIRFYQTAEELNAS
mouse: 121  IYTDELEFREDDVFLTELMKLANRFQLQLLRERCEKGVMSLVNVRNCIRFYQTAEELNAS 180
human: 181  TLMNYCAEIIASHWDDLRKEDFSSMSAQLLYKMIKSKTEYPLHKAIKVEREDVVFLYLIE 240
            TLMNYCAEIIASHWDDLRKEDFSS+SAQLLYKMIKSKTEYPLHKAIKVEREDVVFLYLIE
mouse: 181  TLMNYCAEIIASHWDDLRKEDFSSLSAQLLYKMIKSKTEYPLHKAIKVEREDVVFLYLIE 240
human: 241  MDSQLPGKLNEADHNGDLALDLALSRRLESIATTLVSHKADVDMVDKSGWSLLHKGIQRG 300
            MDSQLPGKLNE DHNGDLALDLALSRRLESIATTLVSHKADVDMVDK+GWSLLHKGIQRG
mouse: 241  MDSQLPGKLNETDHNGDLALDLALSRRLESIATTLVSHKADVDMVDKNGWSLLHKGIQRG 300
human: 301  DLFAATFLIKNGAFVNAATLGAQETPLHLVALYSSKKHSADVMSEMAQIAEALLQAGANP 360
            DLFA+TFLIKNGA VNAAT GAQETPLHLVALYS KK+SADVMSEMAQIAEALLQAGANP
mouse: 301  DLFASTFLIKNGALVNAATAGAQETPLHLVALYSPKKYSADVMSEMAQIAEALLQAGANP 360
human: 361  NMQDSKGRTPLHVSIMAGNEYVFSQLLQCKQLDLELKDHEGSTALWLAVQHITVSSDQSV 420
            NMQDSKGRTPLH+SIMA N+ VFSQLLQCKQLDLELKDHEGSTALWLAVQ+ITVSSDQSV
mouse: 361  NMQDSKGRTPLHLSIMARNDCVFSQLLQCKQLDLELKDHEGSTALWLAVQYITVSSDQSV 420
human: 421  NPFEDVPVVNGTSFDENSFAARLIQRGSHTDAPDTATGNCLLQRAAGAGNEAAALFLATN 480
            NPFED+PVVNGTSFDENSFAARLIQRG++TDAPD  TGNCLLQRAAGAGNEAAALFLAT+
mouse: 421  NPFEDLPVVNGTSFDENSFAARLIQRGTNTDAPDVMTGNCLLQRAAGAGNEAAALFLATS 480
human: 481  GAHVNHRNKWGETPLHTACRHGLANLTAELLQQGANPNLQTEEALPLPKEAASLTSLADS 540
            GAH NHRNKWGETPLHTACRH LANLTAELLQQGANPNLQTEEAL +PKE+  L S ADS
mouse: 481  GAHANHRNKWGETPLHTACRHVLANLTAELLQQGANPNLQTEEALTVPKESPVLMSSADS 540
human: 541  VHLQTPLHMAIAYNHPDVVSVILEQKANALHATNNLQIIPDFSLKDSRDQTVLGLALWTG 600
            ++LQTPLHMAIAYNHPDVVSVILEQKANALHATNNLQIIPDFSLKDSRDQTVLGLALWTG
mouse: 541  IYLQTPLHMAIAYNHPDVVSVILEQKANALHATNNLQIIPDFSLKDSRDQTVLGLALWTG 600
human: 601  MHTIAAQLLGSGAAINDTMSDGQTLLHMAIQRQDSKSALFLLEHQADINVRTQDGETALQ 660
            MHTIAAQLLGSGA+INDTMSDGQTLLHMAIQRQDSKSALFLLEHQADINVRTQDGETALQ
mouse: 601  MHTIAAQLLGSGASINDTMSDGQTLLHMAIQRQDSKSALFLLEHQADINVRTQDGETALQ 660
human: 661  LAIRNQLPLVVDAICTRGADMSVPDEKGNPPLWLALASNLEDIASTLVRHGCDATCWGPG 720
            LAI++QLPLVVDAICTRGADMSVPDEKGNPPLWLALASNLEDIASTLVRHGCDATCWGPG
mouse: 661  LAIKHQLPLVVDAICTRGADMSVPDEKGNPPLWLALASNLEDIASTLVRHGCDATCWGPG 720
human: 721  PGGCLQTLLHRAIDENNEPTACFLIRSGCDVNSPRQPGANGEGEEEARDGQTPLHLAASW 780
            P GCLQTLLHRA+DENNE TACFLIRSGCDVNSPRQPG NGEGEEEARDGQTPLHLAASW
mouse: 721  PSGCLQTLLHRAVDENNESTACFLIRSGCDVNSPRQPGTNGEGEEEARDGQTPLHLAASW 780
human: 781  GLEETVQCLLEFGANVNAQDAEGRTPIHVAISSQHGVIIQLLVSHPDIHLNVRDRQGLTP 840
            GLEETVQCLLEFGANVNAQDAEGRTP+HVAIS+QH VIIQLL+SHP+I L+VRDRQGLT 
mouse: 781  GLEETVQCLLEFGANVNAQDAEGRTPVHVAISNQHSVIIQLLISHPNIELSVRDRQGLTS 840
human: 841  FACAMTFKNNKSAEAILKRESGAAEQVDNKGRNFLHVAVQNSDIESVLFLISVHANVNSR 900
            FACAMT+KNNK+AEAILKRESGAAEQVDNKGRNFLHVAVQNSDIESVLFLISV ANVNSR
mouse: 841  FACAMTYKNNKAAEAILKRESGAAEQVDNKGRNFLHVAVQNSDIESVLFLISVQANVNSR 900
human: 901  VQDASKLTPLHLAVQAGSEIIVRNLLLAGAKVNELTKHRQTALHLAAQQDLPTICSVLLE 960
            VQDASKLTPLHLAVQAGSEIIVRNLLLAGAKVNELTKHRQTALHLAAQQDLPTICSVLLE
mouse: 901  VQDASKLTPLHLAVQAGSEIIVRNLLLAGAKVNELTKHRQTALHLAAQQDLPTICSVLLE 960
human: 961  NGVDFAAVDENGNNALHLAVMHGRLNNIRVLLTECTVDAEAFNLRGQSPLHILGQYGKEN 1020
            NGVDFAAVDENGNNALHLAVMHGRLNNIR LLTECTVDAEAFNLRGQSPLHILGQYGKEN
mouse: 961  NGVDFAAVDENGNNALHLAVMHGRLNNIRALLTECTVDAEAFNLRGQSPLHILGQYGKEN 1020
human: 1021 AAAIFDLFLECMPGYPLDKPDADGSTVLLLAYMKGNANLCRAIVRSGARLGVNNNQGVNI 1080
            AAAIFDLFLECMP YPLDKPDA+G+TVLLLAYMKGNANLCRAIVRSG RLGVNNNQGVNI
mouse: 1021 AAAIFDLFLECMPEYPLDKPDAEGNTVLLLAYMKGNANLCRAIVRSGVRLGVNNNQGVNI 1080
human: 1081 FNYQVATKQLLFRLLDMLSKEPPWCDGSYCYECTARFGVTTRKHHCRHCGRLLCHKCSTK 1140
            FNYQVATKQLLFRLLDMLSKEPPWCDGS CYECTA+FGVTTRKHHCRHCGRLLCHKCSTK
mouse: 1081 FNYQVATKQLLFRLLDMLSKEPPWCDGSNCYECTAKFGVTTRKHHCRHCGRLLCHKCSTK 1140
human: 1141 EIPIIKFDLNKPVRVCNICFDVLTLGGVS 1169
            EIPIIKFDLNKPVRVCNICFDVLTLGGVS
mouse: 1141 EIPIIKFDLNKPVRVCNICFDVLTLGGVS 1169
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One can conclude that Rabankyrin-5 binds to Rab5 specifically, directly and GTP-
dependently. 
 
9.2 Association of Rabankyrin-5 with two Types of Rab5-positive 
Vesicles 
After EEA1 (Stenmark et al. 1996) and Rabenosyn-5 (Nielsen et al. 2000b), 
Rabankyrin-5 is the third Rab5 effector containing a FYVE-finger. Since the FYVE-finger 
is a key determinant for targeting these proteins to early endosomes via its binding to 
PI(3)P (Kutateladze et al. 1999), it was tested whether this holds true also for Rabankyrin-
5. First, recombinant Rabankyrin-5 interacted significantly with PI(3)P in a liposome-
binding assay (Figure 29D). Second, endogenous Rabankyrin-5 co-localised significantly 
with EEA1 and Rab5-positive early endosomes (~80%) in A431 cells by confocal 
immunofluorescence microscopy analysis (see below, Figure 31A, B). Third, a truncation 
mutant of Rabankyrin-5 lacking the FYVE-finger but still capable in binding to Rab5-GTP 
in vitro (Figure 29C), was not longer recruited to early endosomes in vivo (Figure 39A). 
However, Rabankyrin-5 and EEA1 revealed a distinct dependence on PI(3)P when 
recruited to EE  in vitro. Whereas interfering with PI(3)P production, either by wortmannin 
treatment or by blocking PI3-kinase activity dramatically abrogated EEA1 recruitment to 
early endosomes, association of Rabankyrin-5 was affected to a significantly lesser extent 
(Figure 29E.  
 
In conclusion, the FYVE finger is essential for Rabankyrin-5 recruitment to PI(3)P 
on early endosomes, yet additional targeting motifs are required, presumably the Rab5 
binding domain. This at least is confirmed by the fact that neither the FYVE finger nor the 
Rab5 binding domain alone are sufficient for efficient recruitment to early endosomes, in 
contrast to a construct comprising both motifs.   
 
Next, it was investigated whether Rabankyrin-5 plays a role in homotypic early 
endosome fusion as well as fusion of clathrin-coated vesicles (CCVs) with early 
endosomes, similar to EEA1 (Christoforidis et al. 1999a) and Rabenosyn-5 (Nielsen et al. 
2000b). Quantitative immunodepletion of the cytosolic pool of Rabankyrin-5 using anti-
Rabankyrin-5 antibodies (Figure 30) had only minor effects on early endosome fusion in 
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Figure 29. The FYVE-finger containing protein Rabankyrin-5 is a PI(3)P binding and  Rab5-GTP 
specific effector. (A) Bovine brain cytosol or HeLa cell cytosol was incubated with GST-Rab5-GDP or GST-
Rab5-GTPγS loaded beads. Subsequently the beads were washed and bound proteins were eluted and 
analysed by western blotting using anti-Rabankyrin-5 antibodies. (B) GST-Rab4, -5, -7 and -11 fusion 
proteins were pre-loaded with GDP or GTPγS and incubated with in vitro translated 35S-Methionine labelled 
Rabankyrin-5 full-length protein. As control, bound and unbound material was analyzed by SDS-PAGE 
followed by phosphoimager analysis. (C) Summary of the generation and features of Rabankyrin-5 
truncation mutants. Indicated truncation mutants were either tested in vitro for their binding properties to 
Rab5-GTPγS as described under (B), or expressed in tissue culture cells and morphologically analysed by 
immunofluorescence, whether the mutants are localised to Rab5 and EEA1 positive early endosomes (D) 
Rabankyrin-5 binds most strongly to PI(3)P. Recombinant full length Rabankyrin-5 was incubated with 
liposomes containing 2% of the indicated phosphatidylinositides. Bound Rabankyrin-5 was detected by 
Western blotting. (E) Recruitment of Rabankyrin-5 to early endosomes depends on Rab5 and PI(3)P. Purified 
early endosomes were incubated with HeLa cytosol without energy or in the presence of ATP (basal 
condition). Basal conditions were also applied in the absence or presence of indicated reagents. The 
membranes were isolated by centrifugation and the recruitment of EEA1, Rabankyrin-5 and Rab5 were 
analysed by western blotting techniques. 
ANK: 255-1075-+
Figure 30.   Rabankyrin-5 stimulates homotypic fusion between early endosomes (EE) and heterotypic 
fusion between EE and CCVs in vitro. (A) Rabankyrin-5 was efficiently immunodepleted from Hela 
cytosol without affecting the EEA1 concentration. 20µg of either HeLa cell cytosol, treated with control 
IgGs, immunodepleted for Rabankyrin-5 or non-treated, were applied to SDS PAGE gel electrophoresis and 
probed for the indicated antigens by Western blotting. Anti-γ tubulin was used as loading control. (B, C) 
Addition of recombinant Rabankyrin-5 stimulates homotypic- and heterotypic fusion. Fusion between EE 
(B) and EE to clathrin-coated vesicles (CCVs) (C) in vitro was performed in the presence of 3 mg/ml HeLa 
cytosol, and an ATP regenerating system (basal) and in the absence or presence of indicated reagents. For 
some conditions, cytosol was immunodepleted for Rabankyrin-5 (columns 8-13) and in addition 
supplemented with anti-Rabankyrin-5 antibodies to neutralise the function of membrane associated proteins 
(column 10). Background fusion activity is demonstrated by ATP (- energy) or cytosol (- cytosol) omission. 
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vitro compared to pre-immune serum (Figure 30B). However, addition of anti-Rabankyrin-
5 antibodies strongly inhibited early endosome fusion (Figure 30B). The fusion of CCVs 
with early endosomes was minimally affected under these conditions (Figure 30C), 
suggesting that Rabankyrin-5 is not essential in this process, at least in vitro. However, 
addition of increasing amounts of recombinant Rabankyrin-5 either on immunodepleted 
cytosol or non-treated cytosol significantly enhanced both homo- and heterotypic fusion 
activity. These experiments show that endogenous Rabankyrin-5 co-localises with EEA1 
on Rab5-endosomes in vivo, through the interaction with Rab5 (Figure 29B) and PI(3)P 
(Figure 29D). It plays a modulatory role in early endosome fusion since it can stimulate 
both homotypic as well as heterotypic fusion of CCVs with early endosomes. However, it 
does not appear to be strictly required in the latter reaction in vitro.  
 
Surprisingly, it was noted that some peripheral structures harbouring Rabankyrin-5 
overlapped with Rab5 but either poorly or not at all with EEA1 in A431 cells (Figure 31A, 
arrows). Furthermore, no co-staining with clathrin, α-adaptin or APPL, a recently 
characterised Rab5 effector, which localised to a Rab5 subpopulation of EEA1 negative 
endosomes, could be detected (data not shown). Upon over-expression, Rabankyrin-5 
induced the accumulation of several vesicles of variable size in the periphery of the cells, 
most of them lacking EEA1 (Figure 31B, arrows). The irregular size, intracellular 
distribution and lack of endosomal markers of these structures were reminiscent of 
(macro)-pinocytic vesicles. It was therefore set out to investigate the putative role of 
Rabankyrin-5 in macropinocytosis. 
 
9.3 Rabankyrin-5 Localises to Macropinosomes 
Macropinosomes have been so far defined by a combination of parameters rather 
than explicit molecular hallmarks. To test whether the Rabankyrin-5 positive vesicles fulfil 
the previously described requirements of macropinosomes it was determined whether:  
1) They are stimulated by growth factors (Haigler et al. 1979; West et al. 1989; 
Amyere et al. 2000);  
2) They do not concentrate constitutively endocytosed molecules such as 
transferrin receptor but  
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Figure 31.   Rabankyrin-5 associates with two types of Rab5 containing vesicles in A431 cells, early 
endosomes and macropinosomes. (A) A431 cells stably transfected for GFP-Rab5wt were immunostained 
for endogenous Rabankyrin-5 and EEA1. While there is perinuclear overlap between Rab5, Rabankyrin-5 
and EEA1 in non- transfected cells (arrowheads), some smaller peripheral structures are devoid of EEA1 
(arrows). (B) Overexpression of Rabankyrin-5 in A431 by using a recombinant Adenovirus construct of 
Rabankyrin-5 causes an accumulation of peripheral, enlarged Rab5 positive structures, co-stained mainly by 
Rabankyrin-5 (arrows) but not detectable for EEA1. (C) Rabankyrin-5 localises on EGF-induced and -
enriched macropinosomes. Serum starved A431 cells (16 hours) were incubated for 7 min with 100 ng/ml 
rhodamine conjugated EGF to induce macropinocytosis and 1µg/ml Cy5 labelled transferrin. Endogenous 
Rabankyrin-5 localises to enlarged EGF-containing macropinosomes, indicated by the lack of transferrin 
labelling (arrows), but also to EGF- and transferrin-containing endosomes (arrowheads). (D) Rabankyrin-5 
structures contain tyrosine-phosphorylated proteins. A431 cells, stable transfected for GFP-Rab5, were 
stimulated with 50 ng/ml EGF for 7 min and immediately processed for immunofluorescence. Co-staining of 
Rabankyrin-5 and tyrosine-phosphorylated proteins (α-4G10) reveal the localisation of Rabankyrin-5 to 
plasma membrane ruffles. Scale bars represent 10µm.
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3) Engulf large amounts of extracellular fluid (Hewlett et al. 1994); their 
formation depends  
4) On PI3-K activity (Araki et al. 1996; Zhou et al. 1998) and  
5) Follows actin rearrangements at the plasma membrane.  
 
A431 and NIH3T3 cells are established experimental systems that exhibit different 
features in the regulation of macropinocytosis. In A431 cells, macropinocytosis can be 
transiently induced upon growth factor stimulation (Hewlett et al. 1994) whereas NIH3T3 
cells exhibit constitutive macropinocytic activity (Dharmawardhane et al. 2000).  
 
It was first tested whether EGF can induce the formation of Rabankyrin-5-postive 
macropinocytic structures. Upon treatment of A431 cells with rhodamine conjugated EGF, 
endogenous Rabankyrin-5 co-localised to enlarged structures, which, importantly, were 
largely devoid of simultaneously internalised transferrin (Figure 31C). Interestingly, EGF 
was not excluded but rather enriched in these structures. In addition, it was observed that 
such vesicles were also enriched in tyrosine phosphorylated proteins, presumably EGF-
receptor and downstream signalling molecules (Figure 31D).  
 
In NIH3T3 fibroblasts, the staining pattern of endogenous Rabankyrin-5 was 
similar to that of EGF-stimulated A431 cells. Rabankyrin-5 was detected on enlarged 
structures, predominantly at the outmost periphery and in membrane protrusions of the cell 
(Figure 32A, arrows). Consistent with these observations, immunoelectron microscopy 
revealed that antibodies to Rabankyrin-5 labelled electron-lucent vesicular structures 
underlying the plasma membrane in the cell periphery and in cell protrusions (Figure 33). 
The labelled structures were sparse in untransfected cells but in Rabankyrin-5 
overexpressing cells fortuitous sections revealed concentrated areas of Rabankyrin-5-
labeled structures. Unfortunately, double immunolabelling experiments to distinguish 
unambiguously between conventional early endosomes and macropinosomes have been 
unsuccessful due to technical limitations. By light microscopy, the appearance of vacuolar 
shaped structures devoid of the early endosomal marker EEA1 was dramatically increased 
upon Rabankyrin-5 overexpression. In addition, after a 3-minute pulse, these structures 
were intensively labelled by a fluid phase marker (Figure 32B, arrows) but not by 
transferrin (data not shown). Given the potent induction of macropinosomes by 
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Figure 32. Rabankyrin-5 localises to non-canonical endosomal structures, which are upregulated upon 
overexpression in NIH3T3 cells.  (A) NIH3T3 cells directly fixed and immunostained for endogenous 
Rabankyrin-5 and EEA1 reveal segregation of Rabankyrin-5 from EEA1 containing structures (arrows) in the 
cell periphery, while there is co-localisation in the cell centre (arrowheads). (B) Overexpression of 
Rabankyrin-5 increases the number of peripheral enlarged structures devoid of EEA1. NIH3T3 cells were 
infected with recombinant Adenovirus for Rabankyrin-5 for 18 hrs. Dextran (2.5mg/ml) uptake was 
performed for 3 min at 37 ˚C, thereafter fixed and immunostained for the indicated antigens. Scale bars 
represent 10µm.
MergeEEA1 Rabankyrin-5
B
A
EEA1 Rabankyrin-5 Dextran
NIH3T3
Figure 33. Immunolocalization of endogenous and overexpressed Rabankyrin-5 in NIH3T3 cells. 
Untransfected NIH3T3 cells or cells transfected with Rabankyrin-5 were labelled with antibodies to 
Rabankyrin-5 followed by 10nm proteinA-gold. (A) Transfected cell showing labelling of a group of 
vesicular structures underlying the plasma membrane (PM). (B, C) In control (untransfected) cells low but 
specific labelling for Rabankyrin-5 (arrowheads) is associated with compartments close to the PM. Scale bars 
represent 200nm.
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Rabankyrin-5 in NIH3T3 cells, this experimental system was used to explore further the 
regulatory parameters of macropinocytosis. 
 
In NIH3T3 cells, Rabankyrin-5 enlarged structures were labelled by an 8 minute 
uptake of FITC-dextran (MW 10.000). Consistent with their macropinocytic nature, these 
structures were largely depleted of transferrin (Figure 34A, arrows) and susceptible to the 
PI3-K inhibitors wortmannin (Figure 34B, C) or LY 294002 (data not shown). These drugs 
reduced the formation of peripheral enlarged vesicles and almost completely blocked the 
internalisation of high molecular weight dextran (MW 70.000) (Figure 34C) that enters the 
cell almost exclusively via macropinocytosis (Dharmawardhane et al. 2000). Interestingly, 
it was noted that unlike EEA1, Rabankyrin-5 did not readily dissociate from membranes 
(Figure 34B, C) upon inhibition of PI3-K activity, confirming the in vitro results (Figure 
30). Neither markers of late endosomes (Rab7) (Chavrier et al. 1990), nor of caveosomes 
(caveolin) (Pelkmans et al. 2001), nor the clathrin-independent pathway which is used by 
GPI-anchored proteins (GFP-GPI) (Sabharanjak et al. 2002), overlapped significantly with 
the peripheral enlarged Rabankyrin-5 structures (data not shown).  
 
To confirm that the Rabankyrin-5 structures originated from the plasma membrane 
through an actin-driven process, time-lapse video fluorescence microscopy was employed 
on NIH3T3 cells transiently co-expressing YFP-Rabankyrin-5 and CFP-β-actin. In the 
sequence depicted in Figure 34D (see also movie S1), membrane ruffling driven by actin 
resulted in the formation of a large, plasma membrane derived vesicle harbouring 
Rabankyrin-5. Some newly formed vesicles shed off Rabankyrin-5 over time and seemed 
to regurgitate back to the plasma membrane via an actin comet-tail.  
Altogether, the data support the hypothesis that the enlarged structures containing 
Rabankyrin-5 are macropinosomes and can be molecularly distinguished from early 
endosomes by being mostly, albeit not exclusively, devoid of EEA1. Moreover and 
contrary to earlier findings (West et al. 1989) EGF but not transferrin could be enriched in 
macropinosomes.  
9.4 Both Rab5 and Rabankyrin-5 are Required for Macropinocytosis 
The GTP-dependent interaction with Rab5 suggests that Rabankyrin-5 may 
function as a downstream effector of Rab5 in the macropinocytic pathway. Accordingly, 
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Figure 34. Rabankyrin-5 localises to macropinosomes in NIH3T3 cells. (A-C) Formation of enlarged 
Rabankyrin-5 structures requires PI-3kinase activity. NIH3T3 cells either DMSO treated (A) or pre-treated 
for 20 minutes with wortmannin (WM; 100nM) (B, C) were incubated for 8 minutes with 0.5µg/ml 
rhodamine labelled transferrin and 2.5mg/ml FITC-labelled dextran (10.000MW) (B), or incubated for 25 
minutes with 0.5µg/ml rhodamine labelled transferrin and 2,5mg/ml FITC-labelled dextran (70.000MW) (C), 
fixed, processed for immunofluorescence and analysed by confocal scanning microscopy. Scale bar represents 
10mm. (D) NIH3T3 cells transiently transfected for YFP-Rabankyrin-5 and CFP-Actin were imaged using 
time-lapse video microscopy to visualize the formation of macropinosomes by actin driven membrane ruffles. 
Images were taken for the indicated time points. The arrowhead points towards Rabankyrin-5 association to 
an enlarged vesicle driven by actin dynamics over time. Scale bars represent 10µm. 
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one would expect that Rab5 localises to macropinosomes and, together with Rabankyrin-5, 
is required for macropinocytosis. Rab5 indeed co-localises with Rabankyrin-5 on 
macropinosomes (Figure 31B, C, 35A and data not shown), operationally defined as 
vesicles: 
1) Enriched in fluid phase marker but depleted of transferrin receptor 
(Racoosin and Swanson 1992)  
2) Of large size (0.2-2 µm) (Swanson 1989; Hewlett et al. 1994) and  
3) Negative for EEA1 but positive for Rabankyrin-5. 
 
Consistent with a requirement for Rab5 in macropinocytosis, overexpression of 
RN-tre, a GTPase activating protein (GAP) for Rab5 (Lanzetti et al. 2000b), significantly 
reduced (by 60% ± 10%) the uptake of large fluorescent dextran (MW 70.000) into 
transferrin and EEA1 negative structures in NIH3T3 cells (Figure 35B and D). Similar 
results were also obtained when NIH3T3 cells were co-transfected for Rab5S34N and 
Rabankyrin-5 (Figure 35C), implying that Rabankyrin-5 induces macropinocytosis Rab5-
GTP-dependently.  
 
Whereas the aforementioned results demonstrate a general requirement for Rab5 
and Rabankyrin-5 in pinocytosis, they do not discriminate between clathrin-mediated and 
fluid phase endocytosis. To distinguish between the two pathways the effects of 
Rabankyrin-5 ovexpression were compared biochemically on transferrin and horseradish 
peroxidase (HRP) uptake in NIH3T3 cells, respectively. A recombinant adenovirus was 
generated to overexpress Rabankyrin-5 in these cells. In comparison with mock-infected 
cells, Rabankyrin-5 overexpression increased the uptake of HRP, particularly after longer 
(10 min) incubation times (Figure 36A). In contrast, the rate of transferrin uptake was 
unaffected, suggesting that the increase of fluid phase was not due to increased clathrin-
mediated endocytosis (Figure 36E). The increased intracellular accumulation of HRP 
induced by Rabankyrin-5 seems to be due to increased uptake rather than inhibited 
recycling as the latter process was only slightly decreased (Figure 36C). 
 
 To determine whether Rabankyrin-5 is essential for macropinocytosis the protein 
level was ablated by RNA interference using endoribonuclease-prepared siRNA (esiRNA) 
(Yang et al. 2002). Since I optimised this technique in human cells, I conducted these 
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Figure 35. Inhibition of Rab5 activity decreases fluid-phase uptake. NIH3T3 cells transiently transfected 
for either GFP-Rab5wt (A), RN-tre (B) or the dominant negative Rab5 (Rab5S34N) were subjected to a 30 
minute uptake of rhodamine-conjugated transferrin (1µg/ml) or dextran (MW 70.000; 3mg/ml) at 37˚C and 
further processed for confocal imaging with indicated antibodies. (A) Rab5wt transfected cells show co-
localisation of Rabankyrin-5 labelled macropinocytic structures, indicated by the lack of transferrin 
accumulation, with Rab5. (B, C) Cells transiently transfected for RN-tre (asterix) (B) or Rab5S34N (C) show 
a significant reduction of fluid-phase uptake compared to non-transfected cells. Note also the cytosolic 
redistribution of Rabankyrin-5 upon Rab5S34N expression. (D) Fluid-phase dextran quantification of single 
cells transfected for RN-tre by measuring internalised fluorescence intensity (p > 0.001). Values shown are 
means ± SD of at least 15 cells.  Scale bars represent 10µm.
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Figure 36. Rabankyrin-5 overexpression increases, whereas knock-down decreases fluid phase uptake, 
specifically. (A-C) NIH3T3 cells were either mock-infected or with recombinant Adenovirus encoding 
Rabankyrin-5. Simultaneous uptake of HRP (5mg/ml) and biotinylated transferrin (2µg/ml) was performed at 
37 ˚C for the indicated time points. (C) NIH3T3 were pulsed with HRP (10mg/ml) for 10 min. Recycled 
HRP into the medium was determined after the indicated time points. (D-F) A431 cells were treated with 
esiRNA against Rabankyrin-5 or control treated for 4 days. (D) Western blot analysis reveals a ~50% 
reduction of Rabankyrin-5 in whole cell lysate. (E-F) Serum starved cells (1hour) were stimulated with 
50ng/ml EGF in complete medium for the indicated time points in the presence of 5mg/ml HRP and 2µg/ml 
biotinylated transferrin. Values shown are means ± SD and were performed in duplicates. The results are 
representatives of at least two independent experiments.
D
0
0,2
0,4
0,6
0,8
1
1,2
1,4
0 5 10 15 20 25 30 35 40 45 50
HRP Uptake [min]
E
0
0,2
0,4
0,6
0,8
1
1,2
0 5 10 15 20 25 30 35 40 45 50
Rabankyrin-5 knock down + EGF
Control knock down + EGF
Control - EGF
Transferrin Uptake [min]
F
α-Rabankyrin-5
Rab
anky
rin-5
 kno
ck d
own
Con
trol 
C
HRP Recycling after 10min pulse  [min]
A
HRP Uptake [min]
0
0,5
1
1,5
2
2,5
3
3,5
4
4,5
0 5 10 15 20 25 30 35 40 45 50
Rabankyrin-5 
Control
Rabankyrin-5 knock down + EGF
Control knock down + EGF
Control - EGF
B
0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
0 5 10 15 20 25 30 35 40 45 50
Transferrin uptake [min]
Rabankyrin-5 
Control
0
0,5
1
1,5
2
2,5
3
3,5
4
4,5
0 5 10 15 20 25 30 35 40 45 50
Rabankyrin-5 
Control
A
rb
it
ra
ry
 u
n
it
s/
m
g
 p
ro
te
in
A
rb
it
ra
ry
 u
n
it
s/
m
g
 p
ro
te
in
A
rb
it
ra
ry
 u
n
it
s/
m
g
 p
ro
te
in
A
rb
it
ra
ry
 u
n
it
s/
m
g
 p
ro
te
in
A
rb
it
ra
ry
 u
n
it
s/
m
g
 p
ro
te
in
Characterisation of Novel Rab5 Effector Proteins    Schnatwinkel, 2004 
experiments in EGF-stimulated A431 cells where a ~55% knock-down of Rabankyrin-5 
was achieved (Figure 36D). EGF stimulation of control treated cells enhanced HRP uptake 
2 fold versus control-treated, non-EGF stimulated cells, as reported previously. Reduction 
of Rabankyrin-5 expression in esiRNA-transfected cells caused a ~50% inhibition of HRP 
uptake after EGF stimulation (Figure 36B). Under the same conditions, transferrin uptake 
was also inhibited, albeit to a lesser extent (Figure 36F), confirming our in vitro data 
(Figure 30C).  
 
Given the fact that EGF colocalised with Rabankyrin-5 on macropinosomes (Figure 
31C), I extended the observation by following EGF receptor trafficking. A431 cells were 
pulsed with rhodamine conjugated EGF for 10 min, followed by 60 min chase to allow in 
addition trafficking to late endocytic structures. Under control conditions, EGF receptor 
was efficiently internalised from the plasma membrane into Rab5 positive structures. A 
significant fraction of EGF seemed to enter later endocytic components, indicated by the 
absence of both, Rabankyrin-5 and Rab5 (Figure 37A, arrows). Knock down of 
Rabankyrin-5 did not interfere with membrane ruffling but interfered with EGF receptor 
uptake, as judged by the prevailing plasma membrane staining (Figure 37B). In addition, 
most of the internalised pool of EGF receptor remained in Rab5 positive structures. From 
these experiments it was concluded that inhibition of fluid phase uptake occurs primarily 
due to an inhibition of (macro)-pinocytosis rather than of constitutive clathrin-mediated 
endocytosis. In addition, (macro)-pinocytosis may also mediate EGF receptor trafficking, 
and its downregulation into later endocytic compartments requires the function of 
Rabankyrin-5.  
 
The requirement of Rabankyrin-5 for fluid phase endocytosis was confirmed by 
using an independent method. I quantified the uptake of fluorescent dextran in NIH3T3 
cells microinjected with affinity-purified anti-Rabankyrin-5 antibodies. Following 
microinjection, FITC-dextran uptake was internalised for 30 min to label macropinosomes. 
Microinjection of anti-Rabankyrin-5 antibodies inhibited FITC-dextran uptake by 53% ± 
5% when compared with cells injected with pre-immune serum (Figure 38B, E), whereas 
the uptake of rhodamine-transferrin was not reduced (Figure 38C, D). Altogether, these 
results suggest that Rabankyrin-5 is a Rab5 effector required for the formation of 
macropinosomes. 
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Figure 37. Rabankyrin-5 knock-down decreases uptake and degradation of EGF-receptor. A431 cells 
stably transfected for GFP-Rab5 were treated with esiRNA against Rabankyrin-5 (B) or control treated for 4 
days (A) and serum starved for 1 hour. Cells were subsequently pulsed with 50ng/ml EGF in complete 
medium for 10 min and chased with complete medium without the label for additional 60 minutes. Whereas 
in control cells (A) EGF is efficiently internalised into the cell and entered already late endocytic structures 
(arrows), knock down of Rabankyrin-5 (B) impaired EGF trafficking significantly. Cells were prepared for 
immunofluorescence and imaged using confocal microscopy. The indicated images represent roughly 30% of 
all cases. Scale bars represent 10µm.
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Figure 38. Microinjection of a function-blocking antibody against Rabankyrin-5 decreases fluid phase 
uptake. NIH3T3 cells were either microinjected with (A, D) preimmune or (B, C) affinity purified 
polyclonal α-Rabankyrin-5 antibodies and subjected to a 30 minute incubation at 37˚C with (A, B) 3mg/ml 
FITC-conjugated dextran (70.000 MW) or (C, D) 1µg/ml rhodamine conjugated transferrin. Cells injected 
with immune but not pre-immune antibodies show a significant reduction of the fluid-phase marker, while the 
uptake of transferrin is not significantly perturbed. (E) Fluid-phase dextran quantification of single cells 
microinjected for indicated antibodies by measuring internalised fluorescence intensity (p > 0.001). Values 
shown are means ± SD of at least 15 cells. Scale bars represent 10µm.
*
PreIm
Dextran
TransferrinRabankyrin-5
Rabankyrin-5
Dextran
PreIm PreIm
Rabankyrin-5
Im Im Im
A
B
C
*
*
Im Im Im
Inhibition of fluid phase uptake
120
100
80
60
40
20
0
Preimmune Immune
E
Dextran Uptake 
F
lu
o
re
sc
en
t 
In
te
n
si
ty
 in
 %
 o
f 
P
re
im
m
u
n
e
Rabankyrin-5 Transferrin
D PreIm PreIm PreIm
Characterisation of Novel Rab5 Effector Proteins    Schnatwinkel, 2004 
9.5 Macropinosome Formation Requires PI(3)P 
Recruitment of Rabankyrin-5 to endosomal membranes seems to necessitate both, 
the binding to Rab5-GTP and the interaction of the FYVE-finger domain with PI(3)P 
(Figure 29). The additional role in macropinosome formation raised the question whether 
the FYVE-finger of Rabankyrin-5 is also required for the targeting and function during 
macropinocytosis. Surprisingly, unlike the full length protein, overexpression of a 
Rabankyrin-5 mutant missing the FYVE-finger (∆C), but keeping the Rab5 binding site 
(Figure 29C), neither localised to macropinosomes nor induced macropinocytic structures 
defined by the previous criteria (Figure 39A). These findings suggested that PI(3)P 
production might be compulsory for macropinocytosis. CFP-2xFYVE was overexpressed 
to monitor PI(3)P levels and revealed significant overlap with co-expressed Rabankyrin-5 
and endogenous EEA1 on endosomal compartments. However, some enlarged 
Rabankyrin-5 structures in the periphery of the cell revealed no EEA1 staining albeit they 
were positive for PI(3)P (Figure 39B, arrows). Macropinosomes therefore contain a 
defined pool of PI(3)P, which may facilitate the association of Rabankyrin-5, however fails 
in recruiting EEA1. The PI(3)P dependence seems to be confirmed by the requirement of 
the FYVE-finger of Rabankyrin-5 in targeting as well as its function on macropinosomes.  
 
9.6 The N-terminus Containing the BTB Domain Mediates Self-
assembly of Rabankyrin-5 
Beside the FYVE-finger, Rabankyrin-5 harbours a BTB/POZ domain at the N-
terminal end of the protein. The BTB domain has been demonstrated to mediate homo- and 
heterodimerisation in a number of different proteins (Bardwell and Treisman 1994; 
Kobayashi et al. 2000). In addition, proteins involved in endocytosis, for instance 
amphiphysin, form hetero- and homodimers to be functionally active (Wigge et al. 1997).  
 
To explore whether oligomerisation of the BTB domain may be essential for the 
function of Rabankyrin-5 on early endosomes and/or macropinosomes I attempted two 
consecutive experiments: First, testing the capability of the BTB domain to self-assemble 
and second, investigating the necessity of this interaction based on the function of 
Rabankyrin-5. As shown in Figure 40A, immunoprecipitation of myc-tagged Rabankyrin-5 
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Figure 39. PI(3)P is required for macropinocytosis. (A) Overexpression of a HA-tagged truncation mutant 
lacking the FYVE-finger of Rabankyrin-5 (∆-C) does not localise to early endosomes and fails in 
upregulating macropinocytosis. GFP-Rab5 stable transfected A431 cells were transfected with the ∆-C 
mutant and subjected to a 15 minute uptake of 1µg/ml Cy5-conjugated transferrin. The expressed protein was 
detected by using an antibody against HA. (B) The PI(3)P probe, CFP-2xFYVE, localises to 
macropinosomes. NIH3T3 cells were transiently transfected for YFP-Rabankyrin-5 and CFP-2xFYVE, fixed 
and processed for immunofluorescence using an antibody against EEA1. Scale bars represent 10µm.
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Figure 40. Rabankyrin-5 oligomerisation via the N-terminal BTB/POZ domain. (A, B) The N-terminal 
domain comprising the BTB/POZ motif mediates Rabankyrin-5 self-assembly. HeLa cells, transiently 
transfected with myc-tagged and HA-tagged Rabankyrin-5 full length (A) or with myc-tagged Rabankyrin-5 
full length and the indicated myc-tagged trunction mutants (B) were lysed and prepared for 
immunoprecipitation using an affinity purified antibody against the myc-epitope. The immunoprecipitate was 
subjected to western blot analysis using an antibody against the HA-epitope. (C, D) Overexpression of a 
truncation mutant lacking the N-terminus of Rabankyrin-5 (∆-N; D), but not the N-terminus itself (C) 
clusters early endosomes in the centre of the cell. GFP-Rab5 stable transfected A431 cells overexpressing 
either the myc-tagged N-terminus (C) or the HA-tagged ∆-N mutant of Rabankyrin-5 (D) were subjected to a 
15 minutes uptake of 1µg/ml Cy5-conjugated transferrin and processed for immunofluorescence. The 
overexpressed proteins were detected by using myc- or HA-specific antibodies.  Scale bars represent 10µm.
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co-immunoprecipitated the HA-tagged version of Rabankyrin-5 from HeLa cells co-
expressing both tagged forms. Using different myc-tagged truncation mutants of 
Rabankyrin-5 (Figure 29C), the interaction domain was identified as the N-terminal 
fragment containing the BTB/POZ motif (Figure 40B). These experiments propose that 
Rabankyrin-5 may indeed form functional active oligomeres, mediated by the BTB 
domain.  
However, when the N-terminal fragment was overexpressed in A431 cells to 
interfere with the oligomerisation of Rabankyrin-5 no impact on transferrin endocytosis or 
on the morphology or distribution of Rab5 structures within A431 cells was observed 
(Figure 40C). In contrast, a truncation mutant of Rabankyrin-5, lacking the N-terminal 
domain induced clustering of Rab5 positive early endosomes towards the centre of the cell 
(Figure 40D). Most of them contained the endocytic marker transferrin, however, some 
enlarged structures in the cell centre revealed a significant reduction of this tracer.  
 
In summary, these results imply that the N-terminal BTB domain mediates 
oligomerisation and may play a role in regulating the function of Rabankyrin-5. 
  
9.7 Rabankyrin-5 Regulates Apical Fluid-phase Endocytosis in 
Polarised Epithelial Cells 
Apical pinocytosis in polarised epithelial cells and growth factor induced 
macropinocytosis share mechanistic properties, like dependence on actin and PI3-K 
activity. In view of the role of Rab5 in endocytic trafficking of polarised cells such as 
epithelial cells and neurons (Bucci et al. 1994; de Hoop et al. 1994), the role of 
Rabankyrin-5 in apical endocytosis in polarised epithelial cells was explored.  
 
Firstly, I determined the intracellular localisation of Rabankyrin-5 on cryosections 
of adult mouse kidney, since the epithelial cells in this organ, especially proximal tubule 
cells (Christensen et al. 1998), exhibit high level of apical pinocytosis under physiological 
conditions. Apical endocytic vesicles were pulse-labelled by injecting mice with HRP 
followed by fixation of the kidney through perfusion after 5 min. Prominin-1 was used as 
marker for the apical brush border of proximal tubules (Weigmann et al. 1997) in 
combination with affinity purified anti-Rabankyrin-5 antibodies and a secondary anti-
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Figure 41. Rabankyrin-5 localises on vesicular structures underlying the apical brush border in mouse 
kidney proximal tubules. Mice were either perfused directly with 4% PFA (A-C) or 5 minutes post 
injection of HRP into the femoral vein (D). Immunofluorescence on semi-thincryosections (500nm) for the 
indicated antigens. (C) Higher magnification of the inset in (B). Scale bars represent 10µm.
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mouse IgG antibody, which detects extracellular mouse IgGs. As illustrated in Figure 41, 
Rabankyrin-5 immune-reactivity was mainly detected on vesicular like structures 
underneath the apical, prominin-1-labeled brush border. Most of the vacuolar-like 
Rabankyrin-5 structures contained HRP, suggesting they correspond to apical endocytic 
structures (Figure 41D, arrows). By further investigating the nature of these Rabankyrin-5- 
and HRP-labelled structures, it was observed that some vesicles were immunoreactive for 
LAMP I (Figure 41D, arrowheads), suggesting that Rabankyrin-5 (macro)-pinocytic 
vesicles can acquire characteristics of late endocytic compartments.  
This was confirmed and extended by immunogold electron microscopy on ultrathin 
frozen sections of mouse proximal tubule. Rabankyrin-5 showed weak labelling of the 
apical microvilli-covered surface of proximal tubule cells but labelled large electron-lucent 
structures underlying the apical surface (Figure 42). Consistent with the 
immunofluorescence analysis, double labelling with LAMP-1 antibodies confirmed that 
many of these structures were LAMP-1-negative or weakly labelled. However, a 
significant number of Rabankyrin-5-positive structures were also LAMP-1 positive. 
Rabankyrin-5 immunoreactivity was also observed in distal tubules cells as well as other 
segments of the nephron. 
 
To functionally address the role of Rabankyrin-5 in pinocytosis, I focused primarily 
on in vivo studies, since the in vitro-reconstitution of endosome fusion in polarised cells 
revealed no reasonable results (see above). Filter-grown MDCK cells were used as an 
established system to study polarised trafficking. Alexa 488 dextran was internalised for 13 
min from either the apical or basolateral chamber. Although endogenous Rabankyrin-5 
exhibited partial co-localisation with fluid phase marker internalised from the basolateral 
side (data not shown), a striking degree of overlap between the internalised tracer and 
Rabankyrin-5 on often ring-like shaped structures underlying the apical region was 
observed (Figure 43A). These large vesicles were neither detectable in the nuclear area 
(Figure 43B) nor close to the basolateral domain (Figure 43C).  
 
I next tested whether Rabankyrin-5 overexpression can stimulate fluid phase uptake 
from the apical plasma membrane domain. Rabankyrin-5 was overexpressed using the 
recombinant adenovirus system in MDCK cells grown on coverslips and the cells stained 
for Rabankyrin-5 and EEA1. As in A431 and NIH3T3 cells, and similar to endogenous 
Rabankyrin-5 in MDCK cells (Figure 44A), the over-expressed protein exhibited 
 85
Figure 42. Immunolocalization of Rabankyrin-5 in the mouse kidney. Mouse kidney cortex was 
processed for frozen section immunoelectron microscopy. Sections were single-labelled for Rabankyrin-5 
(A, B; arrowheads; 10nm) or double-labelled (C, D; arrows; 5nm) for Rabankyrin-5 and LAMP-1. (A) Low 
magnification view of the apical region of two proximal tubule cells demonstrates low labelling for 
Rabankyrin-5 on apical microvilli (M) but stronger labelling (arrowheads) of large sub-apical electron-lucent 
vesicular structures (asterisk). One of these structures is shown at higher magnification in panel B. (C) 
Rabankyrin-5 labels LAMP-1-negative subapical structures as well as compartments showing low LAMP-1 
labelling (arrows; asterisk). (D) Rabankyrin-5 (arrowheads) associates with compartments, which show 
no/weak labelling for LAMP-1 (asterisks). In addition, low Rabankyrin-5 labelling is associated with more 
strongly-labelled LAMP-1-positive compartments. Note that there is some non-specific labelling of 
mitochondria (m). L, lateral membrane. Scale bars represent 500nm.
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significant co-localisation with endogenous EEA1, but in addition, induced the formation 
of enlarged structures devoid of EEA1 in the periphery of the cell (Figure 44B). The 
recombinant adenovirus was next applied to infect filter-grown MDCK cells. In these cells, 
it induced the appearance of enlarged Rabankyrin-5-positive structures predominantly 
underlying the apical domain that contained dextran internalised from the apical side. 
Some of these structures were EEA1-positive, others lacked this marker of early 
endosomes (Figure 43D, arrows).  These structures were also detectable to some extent in 
the nuclear region (Figure 43E) and basolateral membrane domain (Figure 43F). In 
addition, there were some enlarged Rabankyrin-5 vesicles that were labelled neither for 
dextran nor for EEA1. These may correspond to macropinosomes that were formed prior to 
the labelling with the fluorescent fluid phase marker.  
 
I next measured fluid phase uptake biochemically by quantifying the internalisation 
of HRP either from the apical or basolateral side for various periods of time. Filter-grown 
MDCK cells were either infected with adenovirus encoding Rabankyrin-5 or control virus 
prior to HRP internalisation. While internalisation of HRP from the basolateral plasma 
membrane did not significantly vary (Figure 44D), uptake from the apical membrane was 
increased up to 65% in cells overexpressing Rabankyrin-5 when compared with control 
cells (Figure 44C). Given that Rabankyrin-5 was overexpressed in only 50-60% of the 
cells, this value may be an underestimate. Since the kinetic profiles resembled the ones 
obtained in NIH3T3 cells, it was also tested whether the increase in HRP uptake may have 
been due to an inhibition of recycling or transcytosis. Neither of these trafficking pathways 
were significantly effected (data not shown).  
To verify that the increase in fluid phase uptake was not due to stimulation of 
clathrin-mediated endocytosis I measured the internalisation of FcLR 5-27, a chimeric 
receptor between the IgG Fc receptor and the LDL receptor that, when expressed in 
MDCK cells is targeted to and internalised from, both apical and basolateral plasma 
membrane domains (Matter et al. 1992). Rabankyrin-5 overexpression did not increase but 
slightly reduced the internalisation of FcLR 5-27, as revealed by the uptake of a 
biotinylated Fab-fragment of the 2.4G2 monoclonal anti-FcRII antibody (Figure 44E, F).  
 
Taken together, these findings indicate that Rabankyrin-5 is predominantly 
localised to apical endocytic structures and specifically stimulates apical, non-clathrin-
mediated fluid phase endocytosis upon over-expression in polarised epithelial cells.  
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Figure 43. Rabankyrin-5 co-localises to apical labelled structures in filter-grown MDCK cells. MDCK 
cells were seeded on polycarbonate filters for 4 days and either mock-infected (A-C) or with an Adenovirus 
construct expressing Rabankyrin-5 full length (D-F) for another 18 hours. Cells were then incubated for 13 
minutes with 5mg/ml Alexa 488 dextran, added to the apical medium, fixed and stained for the indicated 
antigens. Images represent confocal scans just beneath the apical plasma membrane (A, D) the nuclear area 
(B, E) and the basal plasma membrane (C, F). Endogenous Rabankyrin-5 and EEA1 localise to several 
dextran-labelled structures, often with ring-like shaped appearance in the apical region. Over-expression of 
Rabankyrin-5 seems to increase the number of enlarged and dextran-labelled structures, some of which are 
depleted of EEA1 (arrows) (B). Scale bars represent 10µm. 
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Figure 44. Over-expression of Rabankyrin-5 stimulates fluid phase uptake from the apical plasma 
membrane. (A, B) MDCK cells plated on coverslips were mock-infected (A) or infected with Rabankyrin-5 
(B) and processed for immunofluorescence. Under both conditions EEA1 co-localises almost completely 
with Rabankyrin-5, while there are some Rabankyrin-5 structures, which are devoid of EEA1. Upon 
Rabankyrin-5 over-expression these EEA1 lacking structures are enlarged macropinocytic like vesicles 
localised predominantly in the periphery of the cell, while other enlarged compartments containing EEA1 are 
centripetally located. (C-F) Filter-grown MDCK cells were either mock-infected or with recombinant 
Adenovirus for Rabankyrin-5 full length. HRP (5mg/ml) or biotinylated Fab fragments (50µg/ml) were 
internalised from the indicated chambers for various time points. Whereas Rabankyrin-5 overexpression 
specifically increases HRP uptake from the apical domain (C), basolateral HRP uptake (D) and Fab uptake at 
both domains is unaffected (E, F) (p > 0.01). Values shown are means ± SD of at least 3 independent 
experiments. Scale bars represent 10µm.
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D. Discussion 
10. Polarised Fusion Assay 
Despite genetic approaches, in vitro reconstitutions of different transport steps 
within the biosynthetic (secretory) and endocytic pathway have been exploited as powerful 
tools towards the molecular understanding of the underlying principles. Based on this, 
several models have been displayed e.g. the intrinsic signal hypothesis (Blobel et al. 1979), 
the SNARE hypothesis (Rothman 1994) and the Rab domain hypothesis (Zerial and 
McBride 2001). Almost two decades ago, Gruenberg and colleagues have invented a 
powerful tool to study the molecular machinery of endocytosis by reconstituting fusion 
among endosomes in vitro (Gruenberg and Howell 1986). Modified over the years, this 
assay helped to advance our present understanding of endocytosis in non-polarised cells. In 
contrast, membrane trafficking in polarised cells, like neurons and polarised epithelial 
cells, remains poorly understood. In the endocytic pathway, Rab5 has been functionally 
implicated in apical and basolateral endocytosis. EEA1, a Rab5 effector and major player 
of the endocytic fusion machinery, has been contradictory localised to either the apical or 
the basolateral early endosome by two independent research groups (Leung et al. 2000; 
Wilson et al. 2000). A functional analysis may have clarified the discrepancy in the 
localisation.  
 
Based on the original idea of Gruenberg and Bomsel, I attempted to set up an 
efficient and reliable reconstitution of endosome fusion of polarised cells in vitro, using 
filter grown MDCK cells as source. Several conditions were tested. However, despite few 
improvements in particular of endosome labelling, none of the chosen settings have been 
so far sufficient for an effective reconstitution of fusion. 
 
10.1 Potential Improvements 
 Obviously, the fusion efficiency depends on many factors i.e. (a) the detection 
sensitivity, (b) labelling efficiency and (c) the capability of endosomes to fuse in vitro. 
Regarding the first point, the sensitivity depends primarily on the detection system used. 
The method of choice for this assay is based upon measurement of light generated by the 
oxidation and reduction of a ruthenium metal ion at the surface of an electrode 
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(electrochemiluminescence), which is capable in detecting pmolar concentrations. 
However, since the reconstitution of endosome fusion requires four interacting components 
(avidin-biotinylated component A, biotinylated component A -component B, component 
B-detection antibody) the detection limit is primarily dependent on the weakest interaction 
but also on the accessibility of component B by the detection antibody. Therefore, a 
component displaying several binding sites for the detection antibody would amplify the 
signal and vice versa. In fact, the Fab fragment (b-Fab 2.4G2) revealed an overall weaker 
signal when compared to the biotinylated IgG 2.4G2 antibodies (Figure 25B). 
 
On the other hand, the complete IgG antibody seems to poorly enter early 
endosomes (Figure 25C), even under conditions, where receptor mediated antibody uptake 
is achieved (Woodman and Warren 1988). Presumably, the uptake is restricted by the size 
of clathrin-coated vesicles, since smaller fragments (b-Fab, F(ab)2) of the antibody or b-Tf 
are internalised more efficiently. Another limitation influencing the labelling efficiency is 
the physical barrier of the filter on which the cells grow. In analogy to CCVs, larger 
molecules such as IgGs are more impaired in accessing the basolateral membrane than 
smaller components. Accordingly, a combination of b-Tf and an F(ab)2 fragment of a-Tf 
antibody seem to be promising in overcoming at least partially the poor labelling of 
endosomes without losing too much detection efficiency. However, labelling of endosomes 
also depends on the uptake rate of receptors from the plasma membrane. Although one 
might think that overexpression of a given receptor would increase internalisation, studies 
on cells overexpressing transferrin receptor revealed a 4-fold reduction in uptake (Warren 
et al. 1997; Warren et al. 1998). This fact may have contributed to the reduced uptake of b-
Tf and α-Tf antibody in the transferrin receptor overexpressing cell line, MDCK-TfR.  
 
According to Bomsel and colleagues (Bomsel et al. 1990), the efficiency of 
homotypic fusion is similar between apical and basolateral early endosomes, about 11-12% 
of the total fusion capacity. The present setup confirms this value for basolateral fusion, 
however, apical endosomes despite revealing a higher total fusion capacity, seem to be 
drastically impaired. The sensitivity of the fusion assay to changes in the buffer 
compositions may contribute at least partially. Moreover, a buffer composition, which 
resembles more the physiological requirements of endosomes in vivo, could increase basal 
endosome fusion beyond 11 or 12%. 
 88
Characterisation of Novel Rab5 Effector Proteins    Schnatwinkel, 2004 
10.2 Alternatives 
 One prerequisite of the in vitro reconstitution was to use a cell line, which 
expresses a given receptor on both plasma membranes to compare directly the apical 
versus basolateral fusion machinery. Since there is no common native receptor known 
which displays an even distribution between the two distinct plasma membranes, mutant 
receptors have been generated, in which the sorting signal has been modified.  
 
However, it seems likely that receptor-chimeras or -mutants may not exhibit 
comparable trafficking kinetics at both plasma membranes. Therefore, instead of having 
one common system, two independent systems could be optimised for the uptake from 
both the basolateral and the apical surface.  
As an alternative of reconstituting fusion based on an antigen/antibody reaction, 
other tight interactions could be exploited, for instance Interferon-γ and its soluble high-
affinity receptor domain (Walter et al. 1995). Both proteins can be expressed 
recombinantly and applied in high concentrations as fluid phase. Despite the fact that fluid 
phase internalisation is less efficient, the relatively small size of the cargo in comparison to 
IgGs may compensate this disadvantage. 
 
In conclusion, reconstituting fusion of polarised endosomes in vitro remains a 
powerful tool to advance our molecular understanding of endocytosis in polarised cells. 
The described setup of the fusion assay does not guarantee the intended efficiency and 
reliability in the present form. However, it helped to display the limitations and may offer 
new ways to improve the system. Instead, for the present study the combination of 
biochemical and morphological assays (see above) proved to be more useful for the 
functional analysis of Rab5 effectors in polarised cells. 
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11. Rabankyrin-5 
11.1 Rabankyrin-5 in Macropinocytosis  
 Since the pioneering work of Bar-Sagi and Feramisco almost two decades ago 
(Bar-Sagi and Feramisco 1986), it has been established that certain oncogenes and 
signalling molecules induce actin-dependent membrane ruffling and macropinocytosis. 
Subsequent work has advanced our understanding of the signalling pathways that lead to 
growth factor-dependent actin remodelling and membrane ruffling (Ridley 1994). Despite 
macropinocytosis being the most ancient form of pinocytosis and an endocytic process of 
high physiological importance (Amyere et al. 2002), progress in the molecular mechanisms 
that regulate the generation and trafficking of macropinosomes has advanced to a lesser 
extent. It has been demonstrated that macropinocytosis differs from clathrin-mediated 
endocytosis (West et al. 1989) and that the two pathways lead to distinct endocytic 
structures (Hewlett et al. 1994).  
Rab5, an established regulator of clathrin-mediated endocytosis and endosome 
dynamics (Gorvel et al. 1991; Bucci et al. 1992; McLauchlan et al. 1998) has also been 
implicated in macropinocytosis (Li et al. 1997). This hypothesis was based on the 
expression of mutants that induced or inhibited fluid-phase endocytosis and formation of 
giant endocytic vesicles. In those studies, however, it was never accurately assessed 
whether the enlarged compartments corresponded to macropinosomes or were produced by 
the coalescence of multiple endosomes by homotypic fusion.  
 
Here, evidence is provided that Rabankyrin-5 is a novel Rab5 effector that, in 
addition to being localised to early endosomes, is associated with macropinosomes and 
promotes their formation according to previously established criteria. First, Rabankyrin-5 
localised to enlarged vesicles that were stimulated by growth factors (EGF). Second, these 
vesicles differed from early endosomes by the lack of constitutively endocytosed 
molecules, such as transferrin, and components of the transport machinery, such as EEA1. 
Third, the vacuoles originated from the plasma membrane and engulfed extracellular fluid. 
Fourth, their formation depended on PI3-K activity and, fifth, followed actin 
rearrangements at the plasma membrane. In addition, by using Rabankyrin-5 as tool, new 
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insight into the mechanism of macropinocytosis was obtained which propose a function in 
the physiology of polarised cells. 
 
11.2 Possible Functions of Rabankyrin-5 
Macropinosomes are formed by the closure of membrane protrusions generated 
upon actin-mediated membrane ruffling. Although membrane ruffling is required for 
macropinocytosis, it seems not to be sufficient for macropinosome formation (Araki et al. 
1996; West et al. 2000). The data suggest that Rabankyrin-5 is a novel regulator of this 
endocytic mechanism. One possibility is that it could play an active role in the generation 
of macropinosomes (Figure 36). The deduced primary structure of Rabankyrin-5 predicts 
the existence of several protein-protein interaction motifs suggesting a role as a 
multifunctional adaptor protein.  
 
The N-terminus of Rabankyrin-5 contains a BTB/POZ motif, which is present in 
proteins involved in signalling, development or tumorigenesis and mediate homo- and 
heterodimerisation (Bardwell and Treisman 1994; Kobayashi et al. 2000). In fact, this 
motif ensures Rabankyrin-5 oligomerisation and may play a regulatory role at least on 
early endosomes (Figure 40). Two lines of observations suggest that the N-terminal 
domain is required for endosome fusion: 
1) The clustering of Rab5 positive endosomes in the centre of the cell upon 
overexpression of the ∆N-mutant of Rabankyrin-5 in vivo and  
2) The lack of efficient transferrin internalisation into these structures. 
 
Both observations phenotypically resemble the overexpression of the C-terminal 
domain of EEA1 (Simonsen et al. 1998) and interfere presumably with the transition from 
the tethering or docking state to membrane fusion. Both, the in vitro and in vivo data seems 
to support this notion, considering that the antibody against the N-terminus of Rabankyrin-
5 may stimulate fusion by artificially clustering Rabankyrin-5 molecules together. 
Therefore, efficient fusion among endosomes may not only depend on oligomerisation of 
EEA1 (McBride et al. 1999) but requires in addition oligomerisation of Rabankyrin-5 
proteins. The function of the BTB domain during macropinocytosis remains to be 
elucidated. 
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Figure 45. Model of Rabankyrin-5. (1) Rabankyrin-5 localises to membrane ruffles and may assist in 
forming a nascent macropinosomes. (2, 3) Remaining associated with the membrane, the internalised 
macropinosomes matures. (2) Over time, it may acquire a protein composition resembling early endosomes 
that triggers fusion with the latter compartment. (3) Alternatively, it may acquire sequentially components of 
the early- and late endocytic compartments without essentially fusing with these organelles. (4) However, 
macropinosomes appear to regurgitate back to the plasma membrane after loosing Rabankyrin-5 membrane 
localisation. Rabankyrin-5 therefore may be involved in determining the intracellular fate of 
macropinosomes.
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Rabankyrin-5 contains 21 ankyrin repeats that, by analogy with the function of 
ankyrins (Bennett and Chen 2001; Denker and Barber 2002a), could interact with different 
proteins on the membrane, including Rab5, and mediate the assembly of a multi-protein 
complex. Such scaffolding function has been postulated to bridge the membrane to the 
actin cytoskeleton but also to link proteins involved in endocytosis and signal transduction 
(Pryciak and Hartwell 1996; Lubman et al. 2004). Rabankyrin-5 could assemble a 
membrane-cytoskeleton scaffold committing the ruffling membrane to generate a pinocytic 
vesicle or directly participate in the closure of the plasma membrane sealing the vesicle.  
Alternatively, Rabankyrin-5 could be recruited onto macropinosomes 
concomitantly or following their formation to prevent their back-fusion with the plasma 
membrane or regulate their onward trafficking. This possibility receives support from our 
time-lapse video microscopy analysis, where the dissociation of Rabankyrin-5 from the 
membrane precedes what appears to be the regurgitation of macropinosomes back to the 
plasma membrane (as shown in Movie 1).  
 
Interestingly, it has recently been proposed that ANK repeats may not be simply 
anchoring domains but be part of a mechanical sensory system that transmits tension from 
the cytoskeleton to ion transporters so that ion flux across the plasma membrane can be 
regulated by the mechanical state of the cell. (Corey and Sotomayor 2004; Howard and 
Bechstedt 2004).  
Sensing membrane tension is a crucial mechanism for the regulation of cell surface 
area and the mechanical state of the cell. Stated minimally, when membrane tension 
increases locally, surface area is added locally from mechanically accessible 
endomembrane reserves, whereas under low local tension, excess surface area is retrieved 
(Morris and Homann 2001). This regulation implies that cells detect and respond to 
deviations around a given membrane tension set point. Rabankyrin-5 may be part of this 
detection and regulation process. The ANK repeats may confer a sensory function to detect 
and adapt to rearrangements of the actin cytoskeleton during membrane ruffling and 
membrane closure. Interactions of the ANK repeats with ion channels and/or transporters 
may sense changes in water-salt homeostasis and pH, and respond to them via modulation 
of macropinocytosis and macropinosome trafficking (de Baey and Lanzavecchia 2000; 
Morris and Homann 2001; Denker and Barber 2002b).  
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Along this line it should be noted that macropinocytosis is abrogated by the 
H+/Na+-exchanger (antiporter) inhibitor amiloride (Meier et al. 2002), which has been 
demonstrated also to regulate cell volume in rat pheochromocytoma cells (Delpire et al. 
1988). H+/Na+-ATPases mediate transepithelial Na+-transport and housekeeping functions 
such as the regulation of intracellular and organelle pH, the control of cell growth and 
proliferation, the metabolic response to hormones such as insulin and glucocorticoids and 
the regulation of cell volume (Mahnensmith and Aronson 1985; Orlowski and Grinstein 
1997). The fact that pH regulation is crucial for membrane trafficking along the endocytic 
pathway raises the interesting question, whether the observed delay of EGF trafficking 
after Rabankyrin-5 knock-down may be due to a failure in acidification (Figure 37).  
 
11.3 Functional Relation between Macropinosomes and Endosomes 
How does the function of Rab5 and Rabankyrin-5 in macropinocytosis relate to 
early endosome trafficking? The Zerial lab has previously proposed a model whereby 
Rab5, via the recruitment of its effectors, generates and maintains a spatially restricted and 
functionally specialized membrane domain on early endosomes (Zerial and McBride 
2001). The Rab5 effector hVps34 (Christoforidis et al. 1999b) is a PI3-K that generates 
PI(3)P. Together with Rab5, this phosphatidylinositide serves as a binding determinant for 
the FYVE-finger Rab5 effectors EEA1 (Simonsen et al. 1998) and Rabenosyn-5 on the 
early endosome membrane (Nielsen et al. 2000a). The Rab5 effectors form oligomeric 
complexes (McBride et al. 1999) and play distinct but cooperative roles in membrane 
tethering, fusion as well as motility of early endosomes along microtubules (Nielsen et al. 
1999a). This data extend the list of PI(3)P-binding Rab5 effectors to Rabankyrin-5.  
 
Rabankyrin-5 co-localises with Rab5 and EEA1 to early endosomes, and plays a 
role in homotypic early endosome fusion, further underscoring the activity of Rab5 as 
organiser of an endosomal Rab5-domain enriched in PI(3)P-binding effector proteins. 
Rabankyrin-5 plays a minor modulatory role in the fusion of clathrin-coated vesicles with 
early endosomes, suggesting mechanistic differences between homotypic early endosome 
fusion and the heterotypic fusion of clathrin-coated vesicles with early endosomes. Clearly, 
Rabankyrin-5 exerts the most striking effects on fluid-phase rather than receptor-mediated 
endocytosis of transferrin. 
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Clathrin-dependent endocytosis and macropinocytosis are independent but 
interconnected pathways. Whereas macropinosomes and early endosomes remain 
segregated in EGF-stimulated A431 cells (Hewlett et al. 1994), they can fuse in other cells, 
such as dendritic cells and macrophages (Racoosin and Swanson 1993). Rabankyrin-5 
alone may not be sufficient for macropinosomes to fuse with endosomes and this activity 
may require the additional recruitment of EEA1 and Rabenosyn-5. In fact, the generation 
of another endosomal feature, PI(3)P, on macropinosomes suggests communication 
between these two endocytic compartments (Figure 39B). Moreover, it supports the 
postulated notion that Rab5 coordinates the generation of PI(3)P-based membrane domains 
as functional entities and emphasizes compartmentalisation based on Rab proteins and/or 
phosphatidylinositides as an important regulatory mechanism. The extent to which 
macropinosomes can recruit Rabankyrin-5, release or retain it, and further acquire late 
endocytic components or other Rab5 effectors acting in endosome-tethering and -fusion 
may depend on the cellular context.  
 
In kidney cells for example, several Rabankyrin-5-positive structures appeared to 
contain EEA1 as well as late endocytic markers (LAMP-1), suggesting that 
macropinosomes can communicate with other endocytic organelles and undergo 
maturation as it has been described for phagocytosis (Allen and Aderem 1996b). Intriguing 
is also the weak interaction of Rabankyrin-5 with PI(5)P (Figure 29D) and recent findings 
that BTB domain containing proteins interact with ubiquitin ligases (Furukawa et al. 2003). 
Since both components have been implicated in the biogenesis of multivesicular bodies 
(MVB) (Katzmann et al. 2001), Rabankyrin-5 may function in the trafficking to late 
endocytic components, as it was described previously for PIKfyve, or HRS, other FYVE-
finger containing proteins (Hicke and Dunn 2003; Ikonomov et al. 2003). A function in the 
transition between early endosomes and/or macropinosomes to later endocytic structures 
seems to be further supported by the defect in EGF degradation (Figure 37). 
 
Stimulation of epithelial cells with either EGF or phorbol esters increase fluid-
phase uptake, while reducing internalisation via clathrin-mediated endocytosis (Sandvig 
and van Deurs 1990). Our results provide a possible explanation for how two endocytic 
routes can be quantitatively balanced. Since Rab5 appears to be rate-limiting for both 
receptor-mediated and fluid-phase endocytosis, its activity could be shifted between these 
two endocytic pathways, depending on the stimuli and the cell type. The shared activity of 
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Rab5 and Rabankyrin-5 would ensure coordination between endosome trafficking and 
macropinocytosis, regulate the kinetics and limit the extent of both endocytic processes, 
thus preserving plasma membrane homeostasis.  
11.4 Rabankyrin-5 in TfR- versus EGFR-mediated Endocytosis 
 Unlike transferrin, which enters the cell exclusively by clathrin-coated 
vesicles, EGF receptor is additionally internalised by raft related mechanisms (Ringerike et 
al. 2002) and macropinocytosis (this study and (Yamazaki et al. 2002)). The fact that 
Rabankyrin-5 knock-down affects EGF receptor trafficking without interfering 
significantly with transferrin endocytosis seems controversial. However, previous studies 
have demonstrated that although transferrin- and EGF receptor enter the cell by clathrin-
coated vesicles the molecular mechanism seems to be distinct (Huang et al. 2004). 
Rabankyrin-5 may therefore interfere with signalling-induced receptor uptake rather than 
impeding with constitutive (transferrin), clathrin-mediated pathways. How could this be 
achieved?  
Molecularly, both, EGFR signalling and the formation of macropinosomes are 
linked by the activity of PI3-K. Binding of EGF to its cognate receptor initiates the 
activation of PI3-K, which in turn causes membrane ruffling. Since EGFR partitions into 
macropinosomes, which are largely devoid of transferrin, it is likely that the prevailing 
membrane localisation of EGFR accounts partially for the defect in macropinocytosis upon 
knock-down of Rabankyrin-5.  
 
11.5 Functional Relation between Macropinocytosis and Phagocytosis 
 Phagocytosis and macropinocytosis are mechanistically similar endocytic 
processes. Both internalisation steps require the coordination of the actin cytoskeleton and 
communicate to a certain extent with the organelles of the endocytic machinery. However, 
the first evidence suggesting that phagocytosis and macropinocytosis might be 
biochemically distinct was published 24 years ago demonstrating that the phagocytically 
defective mutant, HV32, pinocytoses fluid at twice the rate of the wild-type strain (Vogel 
et al. 1980). In addition, unlike the fate of phagosomes, macropinosomes can recycle 
directly back and fuse with the plasma membrane or follow an intracellular fate leading to 
degradation. The reason for this dual system is not precisely known, but it may provide a 
way to regulate membrane homeostasis (see above).  
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Intriguingly, Rabankyrin-5 dissociates from macropinosomes, which seem to 
regurgitate back to the plasma membrane, while remaining associated with maturing 
macropinosomes and phagosomes (unpublished observation). This suggests that 
Rabankyrin-5 is part of a molecular cue that distinguishes between the intracellular fate of 
internalised membranes. 
 
11.6 Macropinocytosis and Signalling 
 In the traditional view of signal transduction, endocytosis was thought to terminate 
the signal transduction cascade by internalising the receptor and transporting it into the late 
endosomal/lysosomal pathway for degradation. However, today it emerges that signalling 
is not only affecting endocytosis, but endocytosis itself is also influencing signalling 
transduction cascades (Miaczynska et al. 2004a). The fact that activated EGFR appears to 
be internalised into macropinosomes (Figure 31C), extends the list of endocytic 
intermediates involved in signalling events. Whether signalling events are transmitted from 
the micropinosomal membrane is presently unknown. However, two non-exclusive 
pathways shall be envisaged, which could explain the localisation of RTK on 
macropinosomes.  
1) In analogy to endosomes, macropinosomes themselves may represent a 
signalling platform, from which particular signal transduction events are 
initiated. 
2) The unique regurgitation capabilities of macropinosomes could regulate signal 
transduction occurring either from the plasma membrane or from other internal 
membranes by modulating the cell surface distribution of activated RTKs.  
 
The latter would provide temporal regulation, which appear to be an important 
parameter as the duration of a given signal determines the biological output. A role of 
Rabankyrin-5 in determining the lifetime and fate of macropinosomes (see above) would 
therefore functionally link the protein to signalling events. 
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11.7 Rabankyrin-5 in Apical, Actin-dependent Endocytosis in Polarised 
Epithelial Cells 
In addition to macropinocytosis in non-polarised cells, I have found that 
Rabankyrin-5 regulates apical, non-clathrin mediated pinocytosis in polarised epithelial 
cells. The role of apical stimulated pinocytosis is crucial for the physiology of various 
organs. For example, it plays an important role in the re-absorption of proteins from the 
glomerular filtrate in the renal proximal tubule (Christensen et al. 1998). Rabankyrin-5 
may be a regulator of this process and this possibility is supported by our findings showing 
that: 
1. It localises to sub-apical compartments in kidney proximal tubules and 
2. Induces fluid phase, clathrin-independent uptake from the apical but not basolateral 
side in polarised MDCK cells.  
 
As for macropinocytosis, apical endocytosis depends on actin remodelling 
mediated by Rho family GTPases (Gottlieb et al. 1993; West et al. 2000) and ARF6 
(Altschuler et al. 1999). Since macropinocytosis appears to occur primarily from the apical 
side, the involvement of EGFR as demonstrated for non-polarised cells (Haigler et al. 
1979; West et al. 1989) is unlikely, since it is primarily localised to the basolateral domain 
of polarised epithelial cells (Gesualdo et al. 1996). However, apical pinocytosis depends on 
other components of receptor tyrosine kinase signalling pathways such as PI3-K (Tuma et 
al. 1999), PKC and can be induced by oncogenes (v-Src) that stimulate macropinocytosis 
in non-polarised cells (Holm et al. 1995; Amyere et al. 2002).  
Which PI3-K subtype functions in apical pinocytosis is not known but an attractive 
candidate is PI3-Kβ, as it was identified as a Rab5 effector (Christoforidis et al. 1999b) 
and has been reported to regulate the generation and turnover of phosphatidylinositides 
during membrane transport from plasma membrane to early endosomes (Shin et al. 
submitted). Its activity could be regulated by Rab5 constitutively and/or be subjected to 
stimulation by apical or axonal signalling molecules (Pillion et al. 1989; Kryl et al. 1999).  
 
In neurons, Rac and actin-dependent endocytosis of Eph receptor-ephrin complexes 
are required to control repulsive vs. attractive cell movement during tissue patterning in 
embryonic development (Marston et al. 2003; Zimmer et al. 2003) and may play a role in 
the structural plasticity of synapses (Holt et al. 2003). Osteoclasts, multinucleated cells, 
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reveal enhanced endocytic activity and actin dynamics during bone reabsorption. In 
endothelial cells, the formation of vacuolar structures has been implicated in the 
mechanism of vascular lumen formation. Intriguingly, Rabankyrin-5 has been recently 
localised on these vacuolar elements underlying the apical membrane domain of 
endothelial cells (Eckhard Lammert, personal communication). It will be interesting to 
determine whether Rabankyrin-5 and the macropinocytic machinery play a role in these 
events.  
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E. Conclusion and Perspectives 
 
The study on Rabankyrin-5 advanced our molecular understanding of endocytosis 
and opens a variety of new opportunities, some of which are summarised below. 
One important aspect is coordination of different endocytic routes. The function of 
Rabankyrin-5 in two distinct endocytic routes, early endosome fusion in the clathrin-
mediated pathway and macropinocytosis, exposes new ways to study molecularly how 
different endocytic processes can be coordinated. One way how coordination may be 
achieved is by shifting the activity of Rabankyrin-5 between the two entry routes (see 
above), although the underlying molecular machinery is presently unknown.  
 
Clearly, activated Rab5 can mediate Rabankyrin-5 recruitment. However, since 
Rab5 localises to several distinct endocytic compartments it seems unlikely to be the only 
determinant. In analogy to cargo transport through early endosomes, the sequential activity 
of several GTPases may influence the distribution of Rabankyrin-5. This could be GTPases 
of the Rab family, such as the recently characterised Rab34/Rah (Sun et al. 2003), but also 
GTPases of the Rho-family. Since macropinocytosis is an actin-dependent mechanism 
controlled by the activity of Rho-GTPases, Rabankyrin-5 may either be recruited through 
downstream effectors of Rho, Rac and/or Cdc42 signalling or interact with activated and/or 
recruited components of the actin remodelling machinery.  
 
Increased actin dynamics as observed during membrane ruffling, would then 
localise Rabankyrin-5 through its numerous protein-protein interaction motifs to sites of 
macropinocytosis and removes it from the early endocytic pathway. To what extent 
Rabankyrin-5 interacts with components of the actin cytoskeleton, remains unclear. Both, 
an active role in actin remodelling or simply positioning of Rabankyrin-5 to the membrane 
by interacting with actin binding proteins could be envisaged. 
An association with the actin cytoskeleton seems coherent with the localisation of 
Rabankyrin-5 in polarised cell types. The leading edge of motile cells, the apical brush 
boarder of epithelial cells, the axonal growth cone of neuronal cells and nerve terminals 
exhibit prominent actin dynamics. Intriguingly, Rabankyrin-5 appears to localise to 
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endocytic structures (macropinosomes) emerging from aforementioned membrane 
domains, although it has not been shown for neurons, yet. 
What may be the reason for the generation of (macro)-pinosomes from these 
domains? 
 
Regarding polarised epithelial cells, e.g. kidney proximal tubules, macropinosomes 
may serve as an important mechanism to filter macromolecular complexes out of the 
glomerular ultrafiltrate. In addition, the harsh environment in the tubular lumen exerts 
osmolar-stress to the cells and on tight junctions. To preserve the integrity of the epithelial 
layer, changes in membrane tension due to osmolar-stress may be compensated by 
enhanced or decreased macropinocytic activity. A similar mechanism has been described 
in the neuronal system, where synaptic contacts could fail in the absence of a mechanism 
to regulate membrane tension (Morris and Homann 2001). It will be interesting to study to 
what extent macropinocytosis plays a role in these processes. 
 
The fact, that several growth-factor receptors induce and appear to localise to 
macropinosomes suggest also a function in signalling. In analogy to early endosomes 
and/or caveolae, macropinosomes may be part of a complex signalling network by 
compartmentalising signalling molecules. The nature of this signal is presently unknown. 
However, there is the notion that macropinocytosis may be involved in directed cell 
motility. Fibroblasts and neuronal growth cones are attracted by a variety of external 
stimuli, including growth factors, which in turn induce macropinocytosis.  
 
In particular, axon guidance may be an exciting system to address the mechanism 
of how macropinocytosis is involved in signalling and mediating directionality.  
1) Axon guidance requires a differentiation signal to induce neurite outgrowth. 
According to the signalling compartment hypothesis of Mobley and 
colleagues (Beattie et al. 1996), macropinosomes may internalise signalling 
complexes, which are subsequently transported retrograde to the cell soma 
in order to transmit a differentiation signal. 
2) Neurite outgrowth requires migration of the growth cone, which is directed 
by external stimuli. 
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In essence, signalling and migration are fundamental cellular processes, which 
under non-physiological conditions lead to transformation into malignant cells. 
Understanding the molecular principles of macropinocytosis may therefore help to 
understand pathological cell behaviours.  
In this respect, the identification of molecular partners of Rabankyrin-5 aiming at 
establishing the mechanisms responsible for its membrane targeting and its role in 
endocytic membrane dynamics, appears to be an important task. 
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F. Materials and Methods 
12.1 Reagents 
Phospholipids were purchased from Sigma and Calbiochem. FITC- or Texas Red-
conjugated dextran (lysine fixable, 10,000 and 70,000 MW), rhodamine-conjugated EGF 
and rhodamine-conjugated transferrin were purchased from Molecular Probes. 
Wortmannin and LY 294002 were from Calbiochem. 
 
12.2 Cell Lines 
  A431, 293, Phoenix GP2 and NIH3T3 cells were grown in D-MEM high glucose 
(Dulbecco’s Modified Eagle’s Medium - Gibco-Brl), supplemented with 10% (v/v) heat-
inactivated fetal calf serum (Gibco-Brl), 100 U/ml penicillin (Gibco-Brl), 100 µg/ml 
streptomycin (Gibco-Brl) and 2 mM L-glutamine (Gibco-Brl). MDCK II and HeLa cells 
were grown in MEM (Minimal Eagle’s Medium - Gibco-Brl) supplemented with 10% 
FCS, 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine. Stable A431 
cell line over-expressing GFP-Rab5 (Nielsen et al. 1999a), MDCK-TfR cells, expression 
the human transferrin receptor or stable transfected MDCK II cells expressing FcLR 5-27  
(Matter et al. 1992), a chimeric receptor of the extracellular and the transmembrane domain 
of the mouse IgG Fc receptor and the cytoplasmic tail of the LDL receptor deleted of the 
basolateral sorting determinant were grown in the same medium as A431- or MDCK II 
cells, respectively, plus 0.5 mg/ml Neomycin G418. Fetal calf serum was heat inactivated 
by incubating it for 30 min at 56 ˚C. Cells were cultured routinely in a H2O-saturated 
atmosphere containing 5% CO2. For passaging, the cells were washed once with Ca2+/Mg2+ 
containing PBS (PBS++) and trypsinised with 0.25 % trypsin/EDTA solution for 5-10 min 
at 37 ˚C (Gibco). MDCK II cells were pre-trypsinised for 20 min with 5 ml 0.25 % 
trypsin/EDTA at room temperature followed by replacing the trypsin solution with 2 ml of 
fresh 0.25 % trypsin/EDTA and 15 min incubation at 37 ˚C. After detachment, cells were 
gently resuspended in 10 ml of complete medium and 1:20 (NIH3T3), 1:10 (HeLa, A431, 
293, Phoenix GP2), 1:4 (MDCK II) diluted in growth medium. Cells were usually 
passaged every 3-4 days (MDCK II cells 4-6 days).  
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12.3 Rab5 Affinity Chromatography 
DH5α cells (30 l) were grown to express GST-Rab5 and the protein was purified 
using 5ml of glutathione beads according to the manufacturer’s instructions (Pharmacia). 
This material was then incubated with nucleotide-exchange buffer (buffer A) containing 20 
mM HEPES, 100 mM NaCl, 10 mM EDTA, 5 mM MgCl2, 1 mM DTT, 1 mM GTPγS or 
GDP, pH 7.5, for 90 min at room temperature under rotation. Afterwards, buffer A was 
removed and the GTPγS or GDP form of GST–Rab5 was stabilised with buffer (buffer B) 
containing 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 1mM DTT, pH 7.5, in the 
presence of 1 mM GTPγS or GDP for 20 min at room temperature under rotation. Beads 
were then incubated for 120 min at 4 °C with bovine brain cytosol. Thereafter, beads were 
washed with 10 column volumes of buffer B containing 10 µM GTP-γS or GDP, 10 
column volumes of buffer B containing 250 mM NaCl final concentration and 10 µM 
GTPγS or GDP, and 1 column volume of 20 mM HEPES, 250 mM NaCl, 1 mM DTT, pH 
7.5. Bound proteins were eluted with 1.5 column volumes of buffer C containing 20 mM 
HEPES, 1.5 M NaCl, 20 mM EDTA, 1mM DTT, 5 mM GDP, pH 7.5, incubated with the 
beads for 20 min at room temperature under rotation. Eluted proteins were than separated 
by SDS-PAGE and analysed by Western blot or mass spectroscopy. 
 
12.4 Amino Acid Sequence Determination and Rabankyrin-5 Cloning 
The 130 kDa protein band was excised from gels and enzymatically digested. The 
tandem mass spectroscopy protein sequencing procedure was performed as described 
previously (Wilm et al. 1996). Bovine peptides determined from Rabankyrin-5 were from 
bovine brain, and were used to identify corresponding expressed sequence tags (ESTs) 
using BLAST similarity searches at NCBI. A random primed HeLa cDNA library was used 
in a PCR reaction with primers based on the mouse cDNA to obtain the full-length clone of 
Rabankyrin-5. Rabankyrin-5 cDNA was subcloned into pfastBAC vector or subcloned into 
pGEX-6P series. Human full-length Rabankyrin-5 was cloned into pEYFP vectors 
containing a N-terminal tag (pEYFP-C1; Clontech). cDNAs encoding Rab5wt were fused 
to the amino termini of ECFP or EYFP, as previously described (Sonnichsen et al. 2000). 
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12.5 Restriction Enzyme Digestion of DNA 
Restriction enzyme digestions of DNA were performed by incubation of DNA with 
5 units of enzyme per µg of DNA for a minimum of 3 h at 37 ºC, under the conditions 
recommended by the manufacturer (Roche, NEB). The digested DNA sample was then 
extracted with phenol/chloroform and chloroform, and precipitated with 100 % ethanol. 
The pellet was washed with 80 % ethanol and resuspended in 20 µl of H2O. Cleavage was 
monitored by agarose-gel electrophoresis stained with ethidium bromide (1: 50 dilution of 
the 10 mg/ml stock solution). 
 
12.6 Ligation of DNA 
Standard ligation reactions were done in 20 µl final volume (with 3:1 insert:vector 
ratio) in the presence of 1 µl of 10X Ligase buffer and 10 units of Ligase (NEB). The 
reactions were incubated from 4 to 12 h at 16 ºC. Alternatively the fast Ligase system of 
Promega was used. 0.5µl of vector DNA was mixed with 3.5 µl of insert DNA, 1 µl fast 
Ligase and 5 µl 2x Ligase buffer. The reaction was incubated at RT for at least 30 min. 
 
12.7 Preparation of Competent E. coli for Heat Shock. 
A single colony of a strain of E. coli DH5α (for cloning work) or BL21 (for protein 
expression), was used to inoculate 10 ml of LB medium which was grown overnight at 37 
ºC with shaking. 2 ml of saturated culture were then transferred to 1000 ml of the same 
medium and the culture was grown until it reached an OD550 = 0,48. Cells were quickly 
cooled down to 4 °C on ice and then collected by centrifugation at 4000 rpm for 5-7 min at 
4 ºC in 1 l bottles. The resulting pellet was gently resuspended in 150 ml of ice cold TfB1 
(100 mM RbCl, 50 mM MnCl2, 30 mM KAc, 10 mM CaCl2) and incubated for 1 h on ice. 
TfB1 should be adjust to pH 5.8 with 0,2 M acetic acid. Filter the solution sterile. Cells 
were then sedimented again by centrifugation and resuspended in 20 ml of TfB2 (10 mM 
RbCl, 75 mM CaCl2, 10 mM PIPES pH 6.5, 15 % Glycerol). Cells were centrifuged at 
4000 rpm for 10 min at 4 ºC in a GSA rotor and pellets were then resuspended in 100 ml 
10 % glycerol. The pellets were sedimented again under the same conditions and 
resuspended in 20 ml of 10 % glycerol. 100 µl aliquots were rapidly frozen in liquid N2 
and stored at –80 ºC.  
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12.8 Electroporation and Transformation of E. coli 
Electroporation of DNA into E. coli cells was performed with a BioRad Gene 
pulser with a pulse controller. 40 µl of a suspension of bacterial electro-competent cells 
was mixed on ice with 5 µl of DNA dissolved in H2O and placed into the bottom of an ice-
cold electroporation cuvette (BioRad 0.2 cm separation). The cuvette was then placed into 
a holder of the electroporator and the cells were subjected to an electric pulse of 2.5 kV 
(capacitance setting 25 µF and resistance setting 200 Ω). 1 ml of LB medium was then 
added immediately to the cell suspension, which was incubated at 37 ºC for 60 min. Cells 
were then sedimented at 6000 rpm for 3 min in a bench top microcentrifuge and 
resuspended in 100 µl LB medium. Cells were plated on LB plates (containing 100 µg/ml 
ampicillin if selection was required) and incubated overnight at 37 ºC. 
 
12.9 Plasmid Preparation in Large Scale (Maxi-prep) and Small Scale Mini-prep 
Plasmid Maxi-preps were done according to QIAGEN plasmid® purification 
protocols. The DNA concentration was estimated by comparison to serial dilutions of a 
DNA standard separated by electrophoresis on an agarose gel stained with ethidium 
bromide. The stained gel was photographed with HEROLAB UVT-20 M/W Gel 
Documentation System. Plasmid Mini-preps were done according to QIAGEN plasmid® 
purification protocols. 
 
12.10 Production of GST-fusion Proteins in Bacteria 
1 l stationary cultures of bacterial cells BL21 strain of E. Coli (transformed with the 
corresponding construct designed to express GST fusion proteins) were diluted to 12 l of 
LB medium in the presence of Ampicillin (100 µg/ml) and grown at 37 ° C with shaking 
(200 rpm) until an OD of 0.6 at 600 nm. Induction of GST-fusion protein expression was 
achieved by adding 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) to the culture 
and incubating for 3 additional hours. The cells were sedimented by centrifugation at 4000 
rpm for 20 min in a Sorvall HG4L rotor at 4 °C and then resuspended in 200 ml of PBS, 
containing 200 µl proteases inhibitor mixtures (Sigma). Cells were broken by pressure 
using a french press (SLM AMINCO) and the lysates were centrifuged at 10000 rpm for 
20 min in a SS34 rotor at 4 °C. The supernatant was incubated with 1 ml of packed 
glutathione agarose beads for 2 h at 4 °C with shaking. Beads were sedimented by 
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centrifugation at 1000 rpm for 5 min on a table-top centrifuge at 4 °C and washed 3 times 
with 10 beads volume ice-cold PBS. Bound proteins were eluted from the beads with 1 ml 
elution buffer (15 mM glutathione, 50 mM TRIS-HCL pH 8). 
 
12.11 Recombinant Adenovirus 
 Recombinant Rabankyrin-5 Adenovirus was generated using the AdEasyTM system 
developed by He et al. (He et al. 1998). Rabankyrin-5 full length was subcloned from 
pcDNA3.1 (+) into pCMV shuttle vector using KpnI/XbaI restriction sites. For 
recombination, pCMVshuttle was linearised with PmeI and 3 µg of linearised DNA was 
electroporated into 40 µl of electro-competent BJ5183 cells (Stratagene) containing the 
adenoviral plasmid using 2.5kV. The recombinant adenoviral construct was then cleaved 
with PacI and transfected into 293 cells by using DOTAPTM (Boehringer Mannheim) for 
amplification. At least ten 175-cm2 flasks of 293 cells were than infected with the 
recombinant adenovirus construct and harvested after 4 days. Cells were washed three 
times with PBS++ and collected. Viral particles were released from the cells by three quick 
freeze/thaw cycles using a mixture of ethanol/dry ice (-20 °C). Viral particles were purified 
and concentrated using a one step CsCl gradient by adding 4.4 g of CsCl to 10 ml 
supernatant. The samples were vortexed extensively to solubilise CsCl and separated from 
any insoluble material by a short spin at 4000 rpm for 5min in a tabletop centrifuge. 
Concomitantly, the samples were transferred to translucent SW40 tubes and overlayed with 
mineral oil up to the top. Centrifugation was set up for 20 h at 10 °C at 31,5 K. The lower 
band contains the highly intact virus particles, whereas appearing higher bands are meant 
to contain defective, however, still infective virus particles. The virus band was carefully 
removed by a 1 ml Gilson syringe. The virus solution was supplied with 1/3, 3x storage 
buffer (15 mM TRIS pH 8.0; 150 mM NaCl; 0.15 % BSA; 50 % v/v glycerol), and 1/3 of 
glycerol. The virus is kept at –20 ºC. 
 
12.12 Preparation of Recombinant Rabankyrin-5 and Rab5 
ExpresSf+ serum free insect cells were cultured in suspension and infected at a 
concentration of 1.0x106 cells/ml with 3.6 ml of P3 amplified baculovirus containing 
pfastBAC vector encoding Rabankyrin-5 at a MOI of 4 in 500 ml. Cells were cultured in 
1.8 l Fernbach shaking flasks and incubated at 27 ºC, 60 rpm for 64 h. Cells were harvested 
and sedimented at 1600 rpm, 15 min, at 4 ºC and the pellet was washed one time in 1X 
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PBS. The obtained pellet of about 8.0 ml was resuspended in 8.0 ml lysis buffer 
(containing 50 mM HEPES, pH 7.4, 50 mM KCl, 5 mM MgCl2 and 1 mM DTT). Cells 
were cracked in the cell cracker (EMBL) using ball bearing size 8.004 and two 10 ml 
syringes by passing through the cracker about 20 times. Efficient breakage was checked 
under the microscope. Homogenate was spun in a S100-AT6 Sorvall, at 100 K rpm for 30 
min, at 4 ºC resulting in about 8 ml supernatant (cytosol). Recombinant Rabankyrin-5 was 
purified by applying the supernatant over a GST-Rab5 affinity chromatography column as 
described below (Affinity chromatography).  
Hi-5 insect cells adapted to serum free medium were cultured in suspension and 
infected at a concentration of 0.5x106 cells/ml with 6.0 ml of P3 amplified baculovirus 
containing histidine-tagged Rab5 in 250 ml. Cells were cultured in 1.8 l Fernbach shaking 
flasks and incubated at 27 ºC, 60 rpm for 72 h. The cells were harvested by sedimenting at 
1600 rpm, 15 min, at 4 ºC, and washed one time in 1x PBS. For purification of prenylated 
Rab5 membrane fraction were prepared by resuspending the cell pellet in 8.0 ml lysis 
buffer (containing 20 mM HEPES, pH 7.4, 50 mM KCl, 10 mM MgCl2 and 1 mM DTT). 
Cells were cracked in the cell cracker (EMBL) using a ball bearing size 8.004 and two 10 
ml syringes by passing through the cracker about 10 times. Efficient breakage was checked 
under the microscope. Post-nuclear supernatant (PNS) was obtained by centrifugation of 
the homogenate at 1000 g for 5 min at 4 °C. PNS was then centrifuged at 160,000 g 
(Beckman SW40 rotor 30,000 rpm) for 30 min at 4 °C. The pellet (membrane fraction) was 
then resuspended in 4 ml of ice cold buffer containing 0.6 % CHAPS (Sigma), 20 mM 
HEPES, pH 7.4, 50 mM KCl, 10 mM MgCl2 and 1 mM DTT, sonicated for 10 seconds on 
ice and incubated for 1 h at 4 °C on a rotating wheel. The suspension was centrifuged at 
160,000 g for 30 min at 4 °C, and the supernatant (4 ml) containing histidine-tagged Rab5 
was incubated on a rotating wheel for 1 h with 200 µl Ni-NTA-agarose beads and purified 
according to manufacturer’s instructions (Qiagen, Chatsworth, CA). 
 
12.13 Purification of Rab5-GDI Complex by Gel–filtration Column Chromatography. 
In order to allow complex formation between Rab5 RabGDI, 1 nmol of prenylated 
and purified Rab4 or Rab11 was incubated with 1 nmol of purified RabGDI in 500 µl 
buffer containing 20 mM HEPES pH7.4, 100 mM K-acetate 2.5mM MgCl2, 1 µM GDP, 
and 0.005% Triton-x100. The samples were incubated for 10 min at 30 °C and then loaded 
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onto a Superose 12 HR 10/30 gel-filtration column (Pharmacia, NJ). Fractions of 0.4 µl 
were collected and 30 ml aliquots analysed by SDS-PAGE and Coomassie blue staining. 
 
12.14 Antibodies 
Human anti-EEA1 serum (1:10,000) was a gift from Ban Hok Toh (Monash 
Medical School, Adelaide, Australia), whereas a mouse monoclonal EEA1 antibody and an 
antibody against phosphotyrosine (α-4G10), were purchased from Transduction 
Laboratories and Upstate Biotechnologies, respectively. Polyclonal rabbit antibodies 
against Rabaptin-5, Rabaptin-5β,  p110β,  and Rabex-5 were used as crude serum at 
1:1000 (Western blotting) or 1:200 (immunofluorescence). Secondary antibodies 
conjugates (HRP and fluorescent labelled) were purchased from Dianova. Fluorescent-
labelled secondary antibodies were purchased from Molecular Probes. Recombinant full 
length Rabankyrin-5 or the N-terminal fragment comprising amino acids 1-255 were used 
to raise a polyclonal antibody in rabbit. The antibody for the FcLR 5-27 chimeric receptor 
was purified from 2.4G2 hybridoma supernatant (Unkeless 1979) by ammonium sulfate 
precipitation. For the preparation and biotinylation of Fab Fragments of 2.4G2, 6 mg of 
purified 2.4G2 IgG were digested with insoluble papain enzyme as described by the 
manufacturer (Sigma). Fab fragments were biotinylated with NHS-LC-biotin or NHS-SS-
biotin (Pierce). 
 
12.15 Detection System – Electrochemiluminescence (ECL) Detection System 
An electrochemiluminescence-based technology was used to quantify transferrin 
recycling and EGF degradation. The ECL-Analyser System was purchased from IGEN 
(Igen, Rockville, MD, USA). The ECL reaction is illustrated in Figure 46. The ruthenium 
TAG coupled with the secondary antibodies and the tripopilamine (TPA) supplied by the 
Assay Buffer (Igen) were activated by oxidation at the electrode, which serves as a sink or 
source of electrons and whose potential controls the amplitude of the electrochemical 
reaction. The oxidised, active TAG then reacts with the oxidised TPA to create the 
electronically excited state of TAG. The excited state luminesces at 620 nm wavelength, 
and the light produced is directly proportional to the amount of TAG activated in the 
reaction. Streptavidin-coated paramagnetic beads were used in order to capture the 
following immune-complexes: biotinylated transferrin/anti-Tf sheep serum/ruthenium 
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labelled anti-sheep IgG. Within the Analyser electrochemical flow cell, the beads present 
in the sample are drawn to the electrode with a magnet. 
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Figure 46. The electrochemiluminescence reaction 
 
 
Subsequently a “cleaning cycle” is performed with the Cell Cleaner Buffer (Igen), 
the magnet is then dropped, a voltage waveform is applied to the cell, and the light 
generated is measured. After flushing the cell with Cell Cleaner Buffer, the 
electrochemical flow cell is reconditioned with Assay Buffer and the cycle is repeated for 
the next sample. 
 For transferrin and Fab (2.4G2) uptake assays, samples containing biotinylated 
transferrin or Fab were incubated first with 1 µl of M-280 Streptavidin Dynabeads, and 
0.01 µl of sheep anti-human transferrin serum (SAPU, Law Hospital Carluke, Scotland) or 
500 µg/ml goat anti rat IgG diluted in 500 µl of Wash Buffer (50 mM TRIS-HCl, pH 7.4, 
100 mM NaCl, 2 % Triton X-100, 0.2 % BSA). After 1 h the samples were washed two 
times with wash buffer and finally incubated with 1 µg/ml ruthenium-labelled rabbit anti-
sheep IgG (for transferrin) or ruthenium-conjugated  rabbit anti-goat IgG (for Fab) for 45 
min. All the incubation steps were performed at RT.  
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12.16 Ruthenium Labelling of Secondary Antibodies 
 The N-hydroxysuccinimide ester of the ruthenium cHeLate (ORIGEN TAG-NHS ester, 
IGEN) was utilised to label the following secondary antibodies: affinity pure anti-rat IgG 
F(ab)2 fragment specific antibody and rabbit anti-sheep IgG (Dianova). All secondary 
antibodies were obtained from Dianova (Hamburg, Germany). The ruthenium cHeLate was 
dissolved immediately before use in the appropriate volume of DMSO in order to obtain a 
stock solution of 1.5 µg/µl. To achieve a 10:1 labelling molar ratio, 24 µl of Origen Tag-
NHS ester stock were added to 278 µl of the affinity pure secondary antibodies (1.8 
mg/ml). The volume of the reaction was adjusted to 500 µl by adding 198 µl of Phosphate 
Buffer (0.01 M Na2HPO4/NaH2PO4, pH 8.0, 0.25 M NaCl). The tube content was gently 
vortexed and incubated at room temperature for 60 min in the dark. The labelling reaction 
was stopped by adding 20 µl of 2 M glycine, pH 2.8, and incubating at room temperature 
for 10 min in the dark. To remove the uncoupled Origen Tag label, the mixture was 
subsequently loaded onto a PD-10 column (Pharmacia) equilibrated with PBS-2 (0.15 M 
K2HPO4/KH2PO4 buffer, pH 7.2, 0.15 M NaCl) The labelled antibodies were eluted with 
PBS-2 and the protein concentration of the collected and pooled fractions was determined 
using the Biorad protein assay and the gamma globulin standard. In order to calculate the 
conjugation ratio obtained, the absorbance of the Origen Tag-IgG was measured at 455 nm 
using a 1 cm path cuvette. The conjugation ratio typically ranged between 4 to 8 molecules 
of Tag: molecule of antibody. The antibody conjugates were stabilised by adding BSA at 
the final concentration of 3 %, aliquoted and stored at –20 ˚C. 
 
12.17 Cytosol Preparation of Spinner HeLa Cells 
Five confluent medium sized flasks (175 cm2) of HeLa in S-MEM (containing L-
Glutamine, non-essential amino acids Fetal Calf Serum (5 %), Penicillin/Streptomycin) 
were trypsinised and added to 600 ml of S-MEM media in a 1 l spinner flask (Wheaton), 
placed on a stirrer and incubated at 37 ºC for 2 days. After this time, the 600 ml were split 
into two 3 l spinner flasks, each scaled up to 2 l, placed on a stirrer and incubated at 37 ºC 
for 4 days. At a confluence of about 0.8x106 cells/ml, cells were harvested by sedimenting 
at 3000 rpm, 10 min, at 4 ºC and washed 2 times in 1X PBS. The obtained pellet of about 
7.5 ml was resuspended in 7.5 ml buffer (containing 50 mM HEPES, pH 7.4, 50 mM KCl, 
2 mM MgCl2, 1 mM DTT, 10 µg/ml Aprotinin, 10 µg/ml Leupetin, 10 µg/ml Pepstatin, 10 
µg/ml Antipain and 0.4 mM Phenylmethylsulfonyl Fluoride (PMSF)). Cells were cracked 
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in a cell cracker (EMBL) using ball bearing size 8.004 and two 10 ml syringes by passing 
through the cracker 8-10 times. Efficient breakage was checked under the microscope. 
Homogenate was spun in TLA 100.4 Beckman ultracentrifuge, at 80 K rpm for 30 min, at 
4 ºC resulting in about 6.5 ml supernatant (cytosol). 
 
12.18 In Vitro Binding Assays 
The GST-Rab5 affinity chromatography was performed as described in 
(Christoforidis and Zerial 2000). Different constructs of were in vitro transcribed and 
translated in the presence of 35S-methionine and 35S-cysteine using a TnT-coupled 
transcription-translation kit (Promega). Binding assays were performed by incubating 50µl 
of the translated proteins with 30 µl of GST-Rab5, Rab4, Rab7 or Rab11 preloaded with 
either GDP or GTPγS for 1 h at room temperature. Beads were either spun through a 1 ml 
40% sucrose cushion to separate bound from the unbound proteins or washed as described 
above (Rab5 affinity chromatography). Proportional aliquots of bound, unbound and total 
loaded fractions were separated by SDS-PAGE and analysed by phosphoimager-based 
autoradiography. 
 
12.19 Transfection and Confocal Immunofluorescence Microscopy 
Cells were transfected with plasmids using FuGENE6 according to the 
manufacturer’s instructions (Roche). For 24 well plates, usually were applied per well. The 
0.6 µl of transfection reagent were gently mixed with 20 µl serum free medium. 
Subsequently, 0.2 µg of plasmid were applied, mixed and incubated for 30min at room 
temperature. The transfection reagent was directly added the cells, which were incubated 
overnight in 500 µl of full medium. After 16-24 h, transfected cells were briefly washed 
with PBS (37 °C) and fixed with 3 % paraformaldehyde. Immunofluorescence labelling 
was performed according to standard procedures. Cells were mounted in moviol containing 
5 % DAPCO and examined on a confocal microscope (Leica TCS SP2) with 100x/1.40 
plan-Apochromat objective. Fluorescent images were collected using the Leica IM500 
Image Manager, and processed using Adobe Photoshop® v5.5.   
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12.20 Time-lapse Video Microscopy and Data Processing 
Time-lapse epifluorescence video microscopy was performed using an Olympus 
IX70 (Olympus, Hamburg, Germany) inverted microscope equipped with a polychrome II 
monochromator (TILL Photonics, Martinsried, Germany), a custom filter block for 
simultaneous visualization of YFP and CFP (AHF Analysentechnik, Tübingen, Germany), 
a 100x oil-immersion objective (NA 1.35, Olympus) attached to a PIFOC z-SCAN (Physik 
Instrumente, Waldbronn, Germany), an incubation chamber (37 °C), and a 12-bit CCD 
digital camera IMAGO (0.134 µm pixel-1; 2 times 2 binning) (TILL Photonics), controlled 
by TILLvisION v3.3 software (TILL Photonics). Time-lapse video sequences of YFP and 
CFP images were merged as RGBs using TILLvisION v3.3. They were exported as single 
TIFF files, and either further processed using Adobe Photoshop 5.5 and Illustrator 8.0, or 
converted into QuickTime movies using ImageJ (NIH). 
 
12.21 Endocytosis of FITC-labelled Dextran, Rhodamine-labelled Transferrin and 
Quantification 
NIH3T3 cells grown on glass coverslips and transfected with plasmids encoding 
RN-tre were incubated with 3 mg/ml FITC-labelled dextran (MW 70.000) in DMEM 
supplemented with 1 % FCS and 20 mM HEPES pH 7.4, fixed and stained with 
rhodamine-conjugated anti-rabbit secondary antibody. Dextran uptake was determined by 
quantifying grey values of thresholded, fluorescent images of at least 15 cells using 
MetaVue 6.1r3 and ImageJ (NIH). 
 
12.22 In Vitro Endosome Fusion and Early Endosome/Liposome Recruitment Assays 
In vitro fusion assays were performed using purified early endosomes labelled with 
biotinylated transferrin or anti-transferrin antibody as well as clathrin-coated vesicles 
(CCVs) labelled with biotinylated transferrin prepared from HeLa cells as described 
previously (Horiuchi et al. 1997). For the in vitro reconstitution of endosome fusion in 
polarised cells, PNS from labelled filter-grown MDCK was used. After scraping the cells 
carefully from the filter support, cells were rinsed two times with ice cold PBS and 
centrifuged at 100x g for 10 min. Next, the pellet was resuspended in twice the pellet 
volume of ice cold SIM buffer (250 mM sucrose; 3 mM Imidazole; 1 mM MgCl2; pH 7.4) 
containing a cocktail of protease inhibitors. Cells were cracked by 5-10 passages through a 
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22G 1-1/4 needle (see also Bomsel et al. (Bomsel et al. 1990)). The concentration of 
Rabankyrin-5 in HeLa cell cytosol in the in vitro early endosome fusion assay was 
estimated to be ~50 nM, as determined by comparison with a serial dilution of recombinant 
Rabankyrin-5 analysed by SDS PAGE gel, followed by Western blotting analysis. 
Recruitment of cytosolic proteins to early endosomes or liposomes was performed as 
described (Christoforidis et al. 1999b). In brief, early endosomes, HeLa cytosol and ATP-
regenerating system were incubated for 30 min at 37 °C in a total volume of 60 µl 
essentially as for the in vitro fusion reactions. The mixture was diluted with 100 µl fusion-
assay buffer, and pelleted using a TLA 100.2 rotor for 30 min, 80,000 rpm, 4 °C. The 
pellet was washed with 500 µl PBS, resuspended in loading buffer and analysed by SDS–
PAGE and immunoblotting. Recombinant Rabankyrin-5 was recruited to 
phosphatidylinositides as described previously (Nielsen et al. 2000a) using liposomes 
(98% phosphatidylcholine, 2% phosphatidylinositides; 2 mg/ml final concentration in 30 
mM HEPES-NaOH, pH 7.2, 120 mM NaCl, 0.5 mM EGTA) prepared as reported (Otter-
Nilsson et al. 1999). The conditions for the recruitment were similar as described for early 
endosomes. 
  
12.23 HRP Staining of the Apical Endocytic Machinery in Mice Proximal Tubules 
Anaesthetized mice were perfusion fixed with 4 % PFA, 100 mM HEPES pH 7.25 
and 0,2 % sucrose either directly or 5 min after injection with 5 mg/g body weight HRP 
(Sigma) into the femoral vein. Kidneys were excised and postfixed 6 h at 4 °C. Some tissue 
pieces were cryoprotected in 2.3 M sucrose overnight at 4 °C, frozen in liquid nitrogen and 
cryosectioned on a Leica UCT (Tokuyasu et al. 1984). 
 
12.24 Adenovirus Infection and Continuous Uptake Measurement with HRP, 
Biotinylated Transferrin and Biotinylated Fab (2.4G2) 
MDCK cells were grown on 12 mm, 0.4 µm pore Transwell polycarbonate filters 
(Costar). Ninety-six h after seeding, cells were infected from the apical side for 4 h at 37 
°C with adenoviruses in 250 µl of complete medium. After changing medium, cells were 
incubated for 18 h at 37 °C and then used for biochemical assays or microscopy. NIH3T3 
and MDCK cells grown on coverslips in 24 well plates were infected in 500 µl of medium. 
HRP uptake was performed as described previously (Bomsel et al. 1989). In brief, cells 
 113
Characterisation of Novel Rab5 Effector Proteins    Schnatwinkel, 2004 
were incubated in incubation medium (IM; DMEM, 1% FCS, 24 mM HEPES pH 7.4) at 
37 °C for 1 h. For internalisation experiments coverslips or transwell filters (Costar) were 
incubated with IM containing 5-10 mg/ml HRP, 2 µg/ml biotinylated transferrin or 5 µg/ml 
biotinylated Fab (2.4G2). In case of MDCK cells, HRP and Fab were applied from either 
the apical or the basolateral side. After internalisation, cells were briefly washed with 
warm IM followed by three washes with ice-cold PBS supplemented with 1 mM CaCl2 and 
1 mM MgCl2 (PBS++) containing 2 mg/ml BSA. Cell surface-bound transferrin was 
efficiently removed (95%) by three incubations over 10min in IM pH 3.4. Extracellular 
HRP was quenched in the cold by incubating the cells for 20 min with 20 mM MESNA in 
100 mM NaCl, 50 mM TRIS, pH 8.7, followed by two washes with ice-cold PBS and a 
further incubation for 10min with ice-cold 50 mM iodoacetamide in PBS. For recycling 
experiments, cells were transferred again to 37 ºC in fresh medium that was collected at the 
indicated time points. Thereafter, cells were washed once more with PBS and extracted for 
15 min at 4°C with 300 µl lysis buffer (1 % w/v Triton X-100, 0.1 % w/v SDS, 20 mM 
HEPES pH 7.4 and 100 U/ml DNAse). Total HRP activity present in the cells was 
determined in duplicates out of at least 3 independent experiments using the previously 
described enzymatic method (Steinman et al. 1976) and standardized to the protein content 
of each well. Fab- and transferrin uptake assay was performed as described previously 
(Zacchi et al. 1998). 
 
12.25 Generation of esiRNA of Rabankyrin-5 
 The generation of esiRNA for Rabankyrin-5 was performed according to a protocol 
from Yang et al. (Yang et al. 2002). In brief, a PCR reaction was applied to generate 
dsDNA of Rabankyrin-5 (IMAGE: 258664) with two overhanging T7 promotor sequences. 
Subsequently dsRNA was produced using the T7 Megascript Kit from Ambion. 25-50 µg 
dsRNA was mixed with 6 µg of GST-RNAse III in 200 µl digestion buffer (20 mM TRIS-
HCL, 0.5 mM EDTA, 5 mM MgCl2, 1 mM DTT, 140 mM NaCl, 2.7 mM KCl, 5% (v/v) 
glycerol pH 7.9) and incubated for 4 h at 27 ºC in a shaker at 1400 rpm, followed by 
additional incubation for 2 h at 37 ºC. The reaction was terminated by adding 0.5 M EDTA 
pH 8.0. EsiRNA was purified over a Q-sepharose column equilibrated with 20 mM TRIS-
HCL, 1 mM EDTA, 300 mM NaCl pH 8.0. After adding the digestion mixture, the column 
was washed once with 20 mM TRIS-HCL, 1 mM EDTA, 400 mM NaCl pH 8.0 before 
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eluting esiRNA with 20 mM TRIS-HCL, 1 mM EDTA, 520 mM NaCl pH 8.0. Eluted 
esiRNAs were finally precipitated by using isopropanol and resuspend in 1x TE buffer. 
 
12.26 Knock-down of Rabankyrin-5 in A431 cells by RNA Interference 
A431 cells were seeded in 24 well plates the day prior transfection. Cells were 
transfected, using oligofectamine (Invitrogen) with either 300 ng/ml double- or single 
stranded (control) esiRNA derived from the I.M.A.G.E. clone (IMAGE:258664) according 
to the protocol of Yang et al. (Yang et al. 2002). After 4 days cells were starved in MEM, 
containing 2 mg/ml BSA and 24 mM HEPES pH 7.3 for 1 h and stimulated with 50 ng/ml 
EGF in complete medium containing 24 mM HEPES pH 7.3, 5-10 mg/ml HRP and 2 
µg/ml biotinylated transferrin for the indicated time points (see above).  
 
12.27 Electron Microscopy 
Cells or tissues were fixed with 8 % PFA in PHEM buffer and then processed for 
frozen sectioning according to published methods (Liou et al. 1996).  Thawed sections 
were either single or double labelled. For single labelling a polyclonal anti-Rabankyrin-5 
antibody followed by protein A 10 nm gold (University of Utrecht) was used. For double 
labelling the polyclonal anti-Rabankyrin-5 antibody was incubated together with rat anti-
LAMP-1 (1D4B; courtesy of Prof. M. Desjardins, University of Montreal, Canada). The 
sections were then incubated with a mixture of anti-rabbit 10 nm gold and anti-rat 5 nm 
gold (BBI International).  
 
12.28 Western Blot Analysis 
Immunoblotting was carried out at room temperature on a rocking platform. 
Unspecific binding sites were blocked by incubating the membrane with blocking solution 
(PBS containing 0.1 % Tween-20; 5 % non-fat milk powder) for 1 h. Subsequently, the 
membrane was incubated with the primary antibody diluted in blocking solution for 1 h. 
The membrane was washed at least 3 times with PBS containing 0.1 % Tween-20 over a 
period of 1 h. Subsequently, the secondary antibody coupled to peroxidase (Dianova) was 
incubated for 1 h. The antibody was usually diluted 1: 5,000 to 1:10,000 in blocking 
solution. After extensive washing, the membrane was developed with the ECL system 
(Amersham) following the instructions of the manufacturer. 
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Supplementary Information 
Movie 1S. Rabankyrin-5 localises to macropinosomes generated by actin dynamics. 
NIH3T3 cells transiently transfected for YFP-Rabankyrin-5 (in green) and CFP-Actin (in 
red) were imaged using time-lapse video microscopy. Images were taken every 3 sec over 
a time period of 15 min. RGB stacks were converted to quick time-format using ImageJ 
(NIH). The movie is played with 15 frames per second. 
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PhD PUBLICATION 
Some of the results presented in this thesis appear in the following publication: 
 
Schnatwinkel C, Christoforidis S, Lindsay M, Uttenweiler-Joseph S, Wilm M,  
Parton R, Zerial M. The Rab5 Effector Rabankyrin-5 Regulates and 
 Coordinates Different Endocytic Mechanisms. PloS Biology (2004) in press 
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Abbreviations 
 
AAK1   Adaptor Associated Kinase 1 
AEE  Apical early endosome 
AP-2  Adaptor protein 2 
ARE  Apical recycling endosome 
ARF6  Adenosine diphosphate (ADP)-ribosylating factor 6  
Arp2/3  Actin related protein 2/3 
BAR  BIN-amphiphysin-RVS (BAR) domain
BEE  Basolateral early endosome 
CCP  Clathrin-coated pit  
CCV  Clathrin-coated vesicle 
COP  Coatomer coat protein 
CRIB  Cdc42/Rac Interactive Binding  
DAG  Diacylglycerol 
DH  Dbl-homology  
EE  Early endosome 
EGF  Epidermal growth factor 
EGFR  Epidermal growth factor receptor  
EH  Epsin-homology domain 
ENTH  Epsin N-terminal homology 
Eps15  Epidermal growth factor protein substrate number 15 
Eps8  Epidermal growth factor receptor protein substrate 8 
ER  Endoplasmic reticulum 
ESCRT Endosomal sorting complex required for transport 
GAP  GTPase activating protein 
GED  GTPase effector domain  
GEF  GDP/GTP exchange factor 
GFP  Green fluorescent protein  
GGA  Golgi-localised, γ-ear-containing, Arf-binding family of proteins 
GPCR  G-protein coupled receptor  
GRK  G-protein-coupled Receptor-specific serine/threonine Kinase 
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GTP   Guanine-nucleotide-trisphosphate 
Hrs  Hepatocyte growth factor regulated tyrosine kinase substrate 
IgG  Immunoglobulin G 
ITAMs  Immunoreceptor tyrosine-based activation motifs 
LAMP  Lysosomal associated membrane protein 
LBPA  Lysobisphosphatidic acid 
LDLR  Low density lipoprotein receptor  
LE  Late endosome 
M6PR  Mannose 6-phosphate receptor 
M-CSF Macrophage-colony stimulating factor 
MDCK Madin-Darby canine kidney 
MHC II Major histocompatibility complex class II 
MTOC  Microtubule-organising centre 
MVB  Multivesicular body 
MW  Molecular weight 
NSF  N-ethylmaleimide-sensitive factor 
PAK-1  p21-activated kinase 
PDGF  Platelet-derived growth factor 
PDK1  Phosphatidylinositol-dependent kinase 1  
PH  Pleckstrin-homology domain 
PI  Phosphatidylinositol 
PI(3)P  Phosphatidylinositol-3 phosphate  
PI(3,4,5)P3 Phosphatidylinositol-3,4,5-trisphosphate 
PI(4)P   Phosphatidylinositol-4-monophosphate 
PI(4,5)P2 Phosphatidylinositol-4,5-bisphosphate 
PI3-K   PI3-Kinase 
pIgR   Polymeric Immunoglobulin Receptor 
PKB  Protein kinase B  
PKC   Protein kinase C 
PLC  Phosphoinositide-specific phospholipase C 
PNS   Post-nuclear supernatant 
PRD  Prolin-rich domain 
PTPase Protein tyrosine phosphatase 
RE  Recycling endosome 
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RT  Room temperatur 
RTK  Receptor tyrosine kinase  
SH2  Src-homology 2 
SH3  Src-homology 3 
SHIP1  SH2-containing phosphatases  
SNAP25  Soluble NSF attachment protein 25 
SNARE Soluble NSF attachment protein receptor 
Sos   Son of Sevenless 
SV40  Simian virus 40 
TfR  Transferrin receptor 
TGN  Trans-Golgi network  
UIM  Ubiquitin interacting motif 
V-ATPase Vacuolar-type ATPase 
WASP  Wiskott-Aldrich Syndrome protein 
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